Introduction {#s1}
============

Nutrition is key for optimizing the evolutionary fitness of animals. Accordingly, many organisms are able to select the nutrients that fulfill their current needs. Recent work has highlighted the importance of the balance of dietary carbohydrates and proteins/amino acids (AAs) for overall mortality, fecundity and lifespan in most species ([@bib24]) ranging from *Drosophila* ([@bib27]; [@bib43]; [@bib68]) to rodents ([@bib69], [@bib70]) and humans ([@bib45]). The emerging picture is that there is a trade-off between reproduction and longevity driven by the protein-to-carbohydrate ratio in the diet: a low ratio extends lifespan but reduces reproductive output, while a high ratio reduces lifespan but promotes offspring production ([@bib66]). The mechanisms by which the brain shapes behavioral output during dietary balancing to solve this ethologically relevant trade-off are still largely unknown.

Significant advances have been made in our understanding of the neural circuitry underlying decision-making ([@bib3]; [@bib47]). But we are only beginning to understand how the internal state of an animal dictates the selection of specific actions ([@bib41]; [@bib71]). This question becomes particularly relevant in value-based decision making, such as nutrient balancing, where the value of the available options is dependent on the current needs of the animal ([@bib36]; [@bib58]; [@bib67]). Thus, the behavioral strategies animals use to adapt nutrient decisions to their internal states provide an ethologically relevant framework to understand how internal states change behavior to mediate value-based decisions.

The fly has emerged as an important model to study complex computational tasks due to the availability of sophisticated genetic tools ([@bib49]; [@bib55]), a numerically simple nervous system, and the advent of methods to quantitatively characterize behavior. Advanced computational tools have been applied successfully in *Drosophila* to study for example chemotaxis ([@bib26]; [@bib74]), action mapping ([@bib6]), aggression and courtship ([@bib16]; [@bib18]), fly-fly interactions ([@bib9]; [@bib63]), and predator avoidance ([@bib53]). This recent quantitative approach to behavioral analysis has given rise to the field of computational ethology: the use of computerized tools to measure behavior automatically, to characterize and describe it quantitatively, and to explore patterns which can explain the principles governing it ([@bib2]). When combined with powerful genetic approaches ([@bib4]; [@bib54]) the fine description of behavior afforded by these methods will allow us to make significant steps forward in our understanding of the neuronal circuits and molecular pathways that mediate behavior.

Flies can detect and behaviorally compensate for the lack or imbalance of proteins and amino acids in the food ([@bib8]; [@bib58]; [@bib75]) and adapt their salt and protein intake to their current mating state ([@bib79]). The current nutrient state is thought to be read out directly by the nervous system through the action of nutrient-sensitive mechanisms such as the TOR and GCN2 pathways ([@bib8]; [@bib13]; [@bib58]). Mating acts on salt and yeast appetite via the action of male-derived Sex Peptide acting on the Sex Peptide Receptor in female reproductive tract neurons, and the resultant silencing of downstream SAG neurons ([@bib23]; [@bib58]; [@bib79]). SAG neurons have been proposed to then change chemosensory processing to modify nutrient intake ([@bib79]). The recent development of technologies that can measure the flies' feeding behavior quantitatively ([@bib35]; [@bib59]; [@bib82]) gives access to the fine structure of the feeding program, and how flies homeostatically modulate this program according to their internal state. However, the further structure of foraging decisions, such as arriving at or leaving a specific food patch, and how flies balance the trade-off between exploiting a needed nutrient resource and exploring the surrounding environment to discover new resources, is still poorly understood. Understanding how internal states change the behavioral strategies of an animal should allow us to understand how the animal manages to maintain nutrient homeostasis.

Here, we developed a quantitative value-based decision making paradigm to study the foraging strategies implemented by adult *Drosophila melanogaster* to reach protein homeostasis. We use an automated video tracking setup to characterize the exploitation and exploration of sucrose and yeast patches by flies in different dietary amino acid and mating states. We found that metabolic state and mating modulate the decisions to stop at a yeast patch and leave it. Furthermore, we describe how the internal deficit of dietary amino acids increases exploitation of proteinaceous patches and restricts global exploration and how these behaviors dynamically shift towards increasing exploration as the fly reaches satiation. Importantly, we provide two examples on how our paradigm can be used in the dissection of the genetic and neuronal mechanisms underlying nutrient decisions: First, we show that olfaction is not required to reach protein homeostasis, but that it mediates the efficient recognition of yeast as an appropriate food source in mated females. Second, we show that octopamine mediates homeostatic postmating responses, but not the effects of internal sensing of amino acid deprivation state. Our study provides a quantitative description of how the fly changes behavioral decisions to achieve homeostatic nutrient balancing as well as initial insights into the mechanisms underlying protein homeostasis.

Results {#s2}
=======

Automated monitoring of nutrient choices using image-based tracking {#s2-1}
-------------------------------------------------------------------

Animals are able to adapt their feeding preference towards a particular food in response to their current needs ([@bib21]; [@bib28]; [@bib36]; [@bib80]). However, the behavioral strategies used by animals to make feeding decisions according to their internal state are currently largely unknown. To capture how flies decide what food to eat, we built an automated image-based tracking setup ([Figure 1A](#fig1){ref-type="fig"}) that captures the position of a single *Drosophila melanogaster* in a foraging arena ([Figure 1B](#fig1){ref-type="fig"}) containing 9 yeast patches (amino acid source) and 9 sucrose patches (carbohydrate source) of equal concentration.10.7554/eLife.19920.003Figure 1.Automated monitoring of nutrient choices using image-based tracking.(**A**) Schematic of the image-based tracking setup. (**B**) Schematic of the foraging arena, containing an inner flat circular area with 9 sucrose (carbohydrate source) and 9 yeast (amino acid source) patches. All patches had a concentration of 180 g/L of the corresponding substrate. Each food patch has an approximate diameter of 3 mm which is approximately the body length of the experimental flies. (**C**) Example of the kinematic parameters and behavior classification associated to the representative trajectory shown in (**D**). Dashed gray horizontal lines indicate the thresholds used for behavior classification, definition of yeast and sucrose micromovements and food patch visits (see materials and methods). Dashed orange rectangle marks the beginning and end of the yeast visit (see inset in **D**). The different colors in the ethogram correspond to the behaviors labeled with the same color in (**D**). (**D**) Representative trajectory of a fly walking in the arena. Filled circles represent food patches. Gray and colored trajectories correspond to head and body centroid position, respectively. Small arrows in between both trajectories indicate body orientation. The color code for the different behaviors is indicated by the colored labels. Inset: a yeast visit is defined as a group of consecutive yeast micromovements, in which the head distance to the center of the food patch was never \>5 mm (gray dashed line in the main trajectory). (**E**,**G**) Total duration of yeast and sucrose micromovements for virgin, n = 15 (**E**) and mated, n = 26 (**G**) female flies fed with the AA+ rich diet. (**F**,**H**) Distribution of yeast and sucrose micromovement durations for virgin (**F**) and mated (**H**) female flies fed with the rich diet. Bin size: 2.2 s. \*p\<0.05, \*\*\*p\<0.001, significance was tested by Wilcoxon rank-sum test. In panels **E** and **G** and in the following figures in which boxplots are used, the black line represents the median, colored boxes represent inter-quartile range (IQR) and gray dots represent the value of the y-axis parameter for single flies.**DOI:** [http://dx.doi.org/10.7554/eLife.19920.003](10.7554/eLife.19920.003)10.7554/eLife.19920.004Figure 1---figure supplement 1.Ground-truthing of behavior.(**A**) Normalized histogram of head speed of amino acid-deprived mated females (AA- diet) from two independent video tracking experiments: orange lines represent data obtained from an assay in which the arena contained 9 yeast and 9 sucrose patches; black lines represent data obtained from an assay in which the arena contained 18 agarose patches (no food). For each experiment, the speed was calculated for periods inside and outside food patches. Vertical dashed gray lines in main panel and insets indicate the speed thresholds used to classify resting (0--0.2 mm/s), micromovement (0.2--2 mm/s) and walking (\>2 mm/s). Insets are a zoom-in of the indicated regions of the main histogram. Black and orange lines indicate mean and shaded area s.e.m. (**B**) Normalized histogram of the head speed displayed during manually annotated behaviors. Time indicates the total length of the scored behaviors. (**C**) Proportion of manually annotated behaviors observed during yeast (left) or sucrose (right) micromovements. (**D**) Cumulative histogram of head positions during the first annotated proboscis extension in a yeast patch.**DOI:** [http://dx.doi.org/10.7554/eLife.19920.004](10.7554/eLife.19920.004)

The distribution of the food patches was designed to promote frequent encounters with food sources, such that nutritional decisions, rather than food finding, determine the fly's food exploitation strategies. We recorded the behavior of the fly over two hours during these nutritional decisions, and developed custom software to track the position of the fly's body and head centroids (all tracking data generated in this study are available for download from the Dryad repository \[[@bib17]\]). We then extracted multiple kinematic parameters (see Materials and methods for detailed list) and computed the locomotor activity and the distance of the fly from each food patch during the whole duration of the assay ([Figure 1C and D](#fig1){ref-type="fig"} and [Video 1](#media1){ref-type="other"}). Upon a detailed analysis of the distribution of head speeds when the flies were inside or outside food patches ([Figure 1---figure supplement 1A](#fig1s1){ref-type="fig"}) we decided to use two speed thresholds to split the locomotor activity of the flies into three types: *resting* (speed ≤ 0.2 mm/s), *micromovement* (0.2 mm/s \< speed ≤ 2 mm/s) and *walking* (speed \> 2 mm/s). Furthermore, slow walking bouts (2 mm/s \< speed \< 4 mm/s) that were coupled with a rapid change in angular speed were defined as *sharp turns* (2 mm/s \< speed \< 4 mm/s and \|angular speed\| ≥ 125°/s) ([Figure 1C and D](#fig1){ref-type="fig"}).Video 1.Behavior classification during nutrient decisions.A 20-s-segment of the trajectory depicted in [Figure 1C--D](#fig1){ref-type="fig"}, starting on second 40 and following the same color code. The first 7 s of the video are slowed-down 0.5 x, as indicated by the white label at the top right corner of the video frame with the fly.**DOI:** [http://dx.doi.org/10.7554/eLife.19920.005](10.7554/eLife.19920.005)10.7554/eLife.19920.005

To characterize the behaviors that occur during these defined locomotor activity types, we manually annotated resting, feeding, grooming and walking events and assigned them to the corresponding speed profiles. In agreement with previous studies ([@bib50]; [@bib60]; [@bib85]), we found that more than 80% of the speeds displayed during manually annotated resting or walking periods were below 0.2 mm/s or above 2 mm/s, respectively ([Figure 1---figure supplement 1B](#fig1s1){ref-type="fig"}). Furthermore, we reasoned that micromovements could correspond to either grooming or feeding. Indeed, 70% of grooming fell in the micromovement category; while for manually-annotated feeding bouts, half of these periods were categorized as micromovements, the other half occurred at low speeds and were thus classified as resting. However, flies showed a very low rate of proboscis extension during feeding bouts at \<0.2 mm/s (data not shown) and we therefore reasoned that these slow bouts had little contribution to the amount of food ingested. For this reason, we decided to use the time the fly was performing micromovements when its head was in contact with the food patch as a proxy for the time the fly spent feeding (henceforth termed *yeast micromovements* or *sucrose micromovements*). To strengthen the argument that these micromovement periods within a food patch represented mostly feeding bouts and not grooming, we used the annotated video segments to quantify the percentage of feeding and grooming during a food micromovement bout. Indeed, we observed that 92.2% of the yeast micromovements and 70.6% of the sucrose micromovements corresponded to feeding bouts ([Figure 1---figure supplement 1C](#fig1s1){ref-type="fig"}). Hence *sucrose* and *yeast micromovements* are a good way to capture the periods the fly spends feeding on a food patch.

To start exploring how flies with different internal states react to the different foods, we used this metric to characterize the behavior of virgin and mated females that were previously fed a rich diet. Virgin flies displayed a preference for sucrose over yeast over the total time of the assay, while the opposite was observed in mated females ([Figure 1E and G](#fig1){ref-type="fig"}). A closer look at the duration of micromovements on the two food sources, revealed very similar duration profiles between yeast and sucrose for virgin females, while a higher prevalence of long events (≥20 s) on yeast when compared to sucrose was observed in mated flies ([Figure 1F and H](#fig1){ref-type="fig"}). These results suggest that for mated females, yeast has a higher salience as food source, even in fully-fed conditions. These observations are in accord with previous reports showing that mating leads to a switch in yeast preference in flies ([@bib58]; [@bib75]; [@bib79]). Thus, the analysis of food micromovements allows us to capture previously-described changes in food preference elicited by mating. Furthermore, these results demonstrate that one way in which mating increases yeast preference is by inducing long feeding bouts, allowing us to make first conclusions about the behavioral mechanisms behind changes in food choice.

Flies increase yeast feeding and micromovements in response to amino acid challenges and mating {#s2-2}
-----------------------------------------------------------------------------------------------

A key question in nutritional neuroscience is how animals homeostatically compensate for the lack of specific nutrients ([@bib21]; [@bib36]; [@bib67]). A concrete example of this homeostatic regulation of feeding behavior is the robust increase in preference for yeast when flies are deprived of proteinaceous food ([@bib58]; [@bib75]). To study the behavioral strategies underlying nutritional homeostasis, we manipulated the metabolic state of the flies by letting them feed *ad libitum* on a chemically defined (holidic) medium ([@bib57]) during three days prior to the foraging assay. This holidic medium allows us to specifically manipulate amino acids (AA) in the diet, leaving the other macronutrients and micronutrients intact. Previous work has identified three different AA compositions having different impacts on reproduction in mated females: *AA+ rich* (supporting a high rate of egg laying)*, AA+ suboptimal* (supporting a lower rate of egg laying) and *AA-* (leading to a dramatic reduction in egg laying) ([@bib57]; [Figure 2A](#fig2){ref-type="fig"}). Furthermore, to better understand how internal metabolic state and mating state interact at the behavioral level we also analyzed virgin females pre-fed these different diets.10.7554/eLife.19920.006Figure 2.Flies increase yeast feeding and micromovements in response to amino acid challenges and mating.(**A**) Graphical representation of the five internal states tested and the resulting reproductive output as reported by [@bib57], all flies were pre-fed during three days with the indicated holidic medium: (i) Virgin AA+ rich, (ii) Virgin AA+, (iii) Mated AA+ rich, (iv) Mated AA+ suboptimal, (v) Mated AA−. (**B**) Effect of internal states on the total number of yeast sips obtained using flyPAD assay (n = 32--43). (**C**) Effect of internal states on the total duration of yeast micromovements obtained from the video tracking assay (n = 15--35). (**D**) Behaviors displayed by single flies in the five internal states indicated in (**A**), during the video tracking assay. Each row represents the ethogram of a single fly, following the same color code used in [Figure 1D](#fig1){ref-type="fig"}. Yellow: yeast micromovements. Black: sucrose micromovements. Pink: micromovements outside the food patches. Blue: walking bouts. Gray: resting bouts. Green: sharp turns. (**E**) Dynamics of yeast micromovements quantified as the cumulative duration of yeast micromovements. Gray lines correspond to single flies. Thick colored lines indicate median. \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001, significance was tested by Wilcoxon rank-sum test with Bonferroni correction.**DOI:** [http://dx.doi.org/10.7554/eLife.19920.006](10.7554/eLife.19920.006)10.7554/eLife.19920.007Figure 2---figure supplement 1.flyPAD setup, sucrose sips and yeast sips dynamics.(**A**) Schematic of flyPAD arena, adapted from ([@bib35]). (**B**) Effect of internal states on the number of sucrose sips. Experimental groups are: Virgin (open circles) and mated (closed circles) females pre-fed three types of holidic media: AA+ rich, AA+ suboptimal and AA−. The concentration of yeast and sucrose in the food patches was the same used in the video tracking assay. (**C**) Cumulative number of yeast sips of flies in the five internal state conditions indicated. Line represents the mean and the shading the s.e.m.**DOI:** [http://dx.doi.org/10.7554/eLife.19920.007](10.7554/eLife.19920.007)10.7554/eLife.19920.008Figure 2---figure supplement 2.Sucrose micromovements.Effect of internal states on the total duration of sucrose micromovements obtained from the video tracking assay.**DOI:** [http://dx.doi.org/10.7554/eLife.19920.008](10.7554/eLife.19920.008)10.7554/eLife.19920.009Figure 2---figure supplement 3.Fraction of yeast non-eaters and coefficient of variation for yeast micromovements.(**A**) Effect of internal states on the proportion of yeast non-eaters. A yeast non-eater is a fly for which the total duration of yeast visits was lower than 1 min. Significance was tested by a 2 x 2 Fischer's exact test using the modified Wald method ([@bib1]) with Bonferroni correction. (**B**) Effect of internal states on the coefficient of variation (CV) for yeast micromovements (CV = SD/mean).**DOI:** [http://dx.doi.org/10.7554/eLife.19920.009](10.7554/eLife.19920.009)

To quantify the microstructure of the feeding behavior of flies with different internal states, we used the flyPAD technology ([Figure 2---figure supplement 1A](#fig2s1){ref-type="fig"}), which allowed us to decompose the feeding motor pattern into \'sips\' ([@bib35]). As the number of sips correlates strongly with food intake, this method enabled us to precisely measure the impact of internal states on feeding decisions. Consistent with previous observations ([@bib58]; [@bib75]; [@bib79]) ([Figure 1E](#fig1){ref-type="fig"}), virgin flies showed very little interest in yeast during the whole assay, as measured by the total number of yeast sips ([Figure 2Bi](#fig2){ref-type="fig"}). Yeast feeding increased with AA deprivation ([Figure 2Bii](#fig2){ref-type="fig"}), and mating ([Figure 2Biii](#fig2){ref-type="fig"}). Notably, AA-challenged mated females showed a strong increase in the number of yeast sips ([Figure 2Biv and v](#fig2){ref-type="fig"}) with the highest rate of yeast feeding in mated flies completely deprived of AAs ([Figure 2Bv](#fig2){ref-type="fig"}). We next asked whether these differences in feeding behavior could be captured using the yeast and sucrose micromovements measured using the tracking setup. Indeed, we observed that the yeast micromovements increased in the same way as the yeast sips after AA challenges in virgin and mated females ([Figure 2C](#fig2){ref-type="fig"}).

Importantly none of these internal state changes led to an increase in the total number of sucrose sips ([Figure 2---figure supplement 1B](#fig2s1){ref-type="fig"}) or in the total duration of sucrose micromovements ([Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}), highlighting the dietary specificity of the manipulation and allowing us to focus our subsequent analysis on the fly's behavior towards yeast patches. Flies are therefore capable of sensing deficits in AAs and of compensating by specifically increasing feeding and micromovements on yeast, an AA-rich substrate. Furthermore, this homeostatic response is modulated by the mating state of the fly. Our tracking approach is therefore now a validated strategy to uncover the changes in behavioral strategies elicited by different internal states and how these changes allow the animal to reach homeostasis.

Flies show high inter-individual variability in the response to yeast {#s2-3}
---------------------------------------------------------------------

We investigated the dynamics of yeast micromovements by comparing the ethogram of each individual fly along the two hours of the assay and across all the internal state conditions tested ([Figure 2D](#fig2){ref-type="fig"}, yeast micromovements are shown in yellow). This type of visualization revealed that the behavior towards yeast was highly variable. The observed increase in the total duration of yeast micromovements across the different internal state conditions seems to come from the combination of two factors: on one hand, the proportion of flies that showed any interest in yeast at all ([Figure 2---figure supplement 3A](#fig2s3){ref-type="fig"}) and on the other hand, the strength of the interest displayed by these flies, measured by the total duration of yeast micromovements. The behavior towards yeast was also highly variable across individuals of the same condition. For example, the total duration of yeast micromovements displayed by AA-deprived flies ranged from 5 to 59 min. Still, the initial steep increase in yeast micromovements during the first 30 min of the assay was very consistent ([Figure 2Ev](#fig2){ref-type="fig"} and [Figure 2---figure supplement 1C](#fig2s1){ref-type="fig"}). Overall, the variability increased as a function of deprivation ([Figure 2---figure supplement 3B](#fig2s3){ref-type="fig"}). The reaction to internal state changes is therefore highly variable across individuals. However, full AA deprivation in mated females leads to a robust population-wide effect, highlighting the importance of AAs for the animal.

Metabolic state and mating modulate the probability of stopping at a yeast patch and leaving it {#s2-4}
-----------------------------------------------------------------------------------------------

To feed, flies need to stay on food patches. We decided to call these events *visits* ([Figure 1C](#fig1){ref-type="fig"} and inset in [Figure 1D](#fig1){ref-type="fig"}). A *visit* is defined as all consecutive bouts of micromovements on the same patch, for as long as the fly stayed in close proximity of the patch. As we observed in the total duration of yeast micromovements, the total duration of yeast visits increased as a result of mating and AA deprivation ([Figure 3A](#fig3){ref-type="fig"}). Therefore, we hypothesized that the fly increases yeast intake by changing different aspects of its foraging decisions, such as *approaching* a patch more often, *stopping at* it more and/or *leaving* it less often. We measured approaching, stopping and leaving decisions by quantifying the number of encounters, the fraction of encounters in which the fly stops on a patch (*visits*) and the duration of visits, respectively. One easy way to increase the total time on yeast would be to approach yeast patches more often. However, none of the internal state modifications leading to an increase in yeast intake caused an increase in the total number of yeast encounters ([Figure 3---figure supplement 1A](#fig3s1){ref-type="fig"}). Furthermore, the rate of encounters remains constant across internal states, with the exception of the mated fully AA-deprived females ([Figure 3B](#fig3){ref-type="fig"}), which had a low absolute number of encounters ([Figure 3---figure supplement 1A](#fig3s1){ref-type="fig"}). To explain the behavioral changes underlying homeostasis, we focused on the decision to stop at a yeast patch ([Figure 3C](#fig3){ref-type="fig"}) and leave it ([Figure 3D](#fig3){ref-type="fig"}).10.7554/eLife.19920.010Figure 3.Metabolic state and mating modulate the probability of stopping at a yeast patch and leaving it.(**A**) Effect of internal states on the total duration of yeast visits. Experimental groups are the ones shown in [Figure 2](#fig2){ref-type="fig"}: Mated (filled circles) and virgin (open circles) females pre-fed three types of holidic media: *AA+ rich, AA+ suboptimal* and *AA−*. (**B**) Effect of internal states on the decision to approach a yeast patch quantified as the number of yeast encounters per minute of walking outside the food patches (rate of yeast encounters). (**C**) Effect of internal states on the decision to stop at a yeast patch quantified as the fraction of yeast encounters in which the fly stopped at the yeast patch. (**D**) Effect of internal states in the decision to leave a yeast patch quantified as the average duration of yeast visits. (**E**) Combination of foraging strategies (total number of visits in x-axis and average duration of those visits in y-axis) to reach different total durations of yeast visits (green to blue lines), for individual AA-challenged mated flies: pre-fed either a suboptimal diet (yellow circles) or an AA- diet (red circles). *ns*, not significant (p≥0.05), \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001, significance was tested by Wilcoxon rank-sum test with Bonferroni correction.**DOI:** [http://dx.doi.org/10.7554/eLife.19920.010](10.7554/eLife.19920.010)10.7554/eLife.19920.011Figure 3---figure supplement 1.Yeast encounters and probability of leaving.(**A**) Effect of internal states on the absolute number of yeast encounters. (**B**) Complementary cumulative distribution function for yeast visit durations. Single dots represent one yeast visit. All yeast visits belonging to all animals of the same internal state condition were pooled, ranked and plotted in the same color as indicated in ([@bib15]).**DOI:** [http://dx.doi.org/10.7554/eLife.19920.011](10.7554/eLife.19920.011)

We found that in virgins, AA deprivation had a specific effect as it only modulated the decision to leave a patch, with deprived virgins showing longer visits ([Figure 3D](#fig3){ref-type="fig"} and [Figure 3---figure supplement 1B](#fig3s1){ref-type="fig"}). Mating also modulated the decision to leave, as fully-fed mated females took longer to leave a yeast patch than virgins ([Figure 3D](#fig3){ref-type="fig"} and [Figure 3---figure supplement 1B](#fig3s1){ref-type="fig"}), and, to a smaller degree, had a higher probability of stopping at a proteinaceous food patch upon encounter ([Figure 3C](#fig3){ref-type="fig"}). Surprisingly, pre-feeding mated flies with the suboptimal diet caused a dramatic increase in the probability of stopping at a yeast patch ([Figure 3C](#fig3){ref-type="fig"}). The strong effect on the decision to stop shows that flies are able to homeostatically modify their behavior in response to even subtle dietary differences that have a negative impact on their fitness ([@bib57]). This is even more striking considering that the removal of all AAs does not lead to further changes in the *stopping* and *leaving* decisions, despite its drastic impact on egg production and yeast feeding ([Figure 2](#fig2){ref-type="fig"}).

We showed above that there is considerable variability across individuals in their behavioral response towards yeast. This was also the case for the strategies each mated fly chose to compensate for both AA challenges. We observed that these flies reached the same total times on yeast by mixing strategies in different ways: some flies had fewer but longer visits, while others had a higher number of visits, but each visit was shorter ([Figure 3E](#fig3){ref-type="fig"}). Taken together, these data show that both metabolic and mating states significantly change the decisions to stop at a yeast patch and leave it. Furthermore, the strongest effect is observed when both states act together, as seen in AA-challenged mated females. The specific behavioral strategy each fly employs to reach homeostasis, however, varies widely.

The lack of dietary AAs increases exploitation and local exploration of yeast patches {#s2-5}
-------------------------------------------------------------------------------------

We have shown that AA deprivation leads to a 1.6-fold increase in yeast feeding when compared to the suboptimal diet treatment ([Figure 2B](#fig2){ref-type="fig"}). Surprisingly, however, a change of this magnitude is not visible in the total duration of the yeast visits ([Figure 3A](#fig3){ref-type="fig"}), nor is this homeostatic effect recapitulated in changes in specific foraging decisions ([Figure 3](#fig3){ref-type="fig"}). We therefore speculated that instead of modulating exploratory decisions, a lack of AAs could increase the motivation of the flies to exploit the yeast patch. Indeed, the time course of yeast visits ([Figure 4A](#fig4){ref-type="fig"} and [Figure 4---figure supplement 1A](#fig4s1){ref-type="fig"}) shows that AA-deprived flies displayed a sharp increase in the total duration of yeast visits during the first minutes, while flies pre-fed a suboptimal AA diet displayed a much more delayed and shallower increase in this parameter. As these early visits were also longer ([Figure 4---figure supplement 1B](#fig4s1){ref-type="fig"}), we measured the time it took each fly to engage in its first \'long\' (≥30 s) visit ([Figure 4---figure supplement 1C and D](#fig4s1){ref-type="fig"}), and found that AA-deprived flies indeed attained their first long yeast visit much sooner than flies fed a suboptimal diet ([Figure 4B](#fig4){ref-type="fig"}): the median latency for AA-deprived flies was just 4.38 min (IQR = 2.08--7.7), which was three times shorter than the 12.37 min (IQR = 19.87--9.86) observed in flies fed with the suboptimal diet. These results therefore suggest that AA-deprived flies are indeed more motivated to exploit yeast patches.10.7554/eLife.19920.012Figure 4.The lack of dietary AAs increases exploitation and local exploration of yeast patches.(**A**) Rolling median of the total duration of yeast visits using a 5 min window and a step of 4 min for flies pre-fed a suboptimal diet (yellow) or AA− diet (red). (**B**) Effect of AA deprivation on the time elapsed until the fly engages in the first \'long\' (≥30 s) yeast visit. (**C**) Histogram of the x-y relative position of all mated flies pre-fed a suboptimal diet (left) or a AA− diet (right) with respect to the center of the yeast patch (0,0). The pixel color indicates the fraction of time that flies in the indicated condition spent in the corresponding location bin. (**D**) Effect of AA deprivation on the average minimum distance to the center of the yeast patch, during a yeast visit. (**E**) Effect of AA deprivation on the average area covered during a yeast visit. (**F**) Example trajectories of head position during a yeast visit for a fly of the indicated condition. Hot colors indicate higher head speeds. (**G**--**J**) Effect of AA deprivation on the locomotor activity of mated flies during yeast visits: (**G**) average histogram of head speeds, (**H**) body centroid speed, (**I**) angular speed and (J) proportion of the indicted behaviors during yeast visits. *ns*, not significant (p≥0.05), \*\*p\<0.01, \*\*\*p\<0.001, significance was tested by Wilcoxon rank-sum test with Bonferroni correction. Panels **B**, **D**, **E**, **H**--**J** compare the indicated parameters between mated flies pre-fed a suboptimal diet (yellow) and mated flies pre-fed an AA− diet (red).**DOI:** [http://dx.doi.org/10.7554/eLife.19920.012](10.7554/eLife.19920.012)10.7554/eLife.19920.013Figure 4---figure supplement 1.Yeast visits dynamics and latency.(**A**,**B**) Rolling median of the total duration of yeast visits (**A**) and average duration of yeast visits (**B**) using a 5 min window and a step of 4 min for flies fed a AA+ rich diet (purple), AA+ suboptimal diet (yellow), and AA-deprived flies (red). (**C**,**D**) Ethograms from [Figure 2D](#fig2){ref-type="fig"} showing the latency to engage in the first \'long\' (≥30 s) yeast visit for each fly of the indicated condition as a blue dot.**DOI:** [http://dx.doi.org/10.7554/eLife.19920.013](10.7554/eLife.19920.013)10.7554/eLife.19920.014Figure 4---figure supplement 2.No effect in local exploration of yeast patches for flies pre-fed a suboptimal diet.(**A**) Effect of AA challenges on the average minimum distance to the center of yeast patches, during a yeast visit. (**B**) Effect of AA challenges on the body centroid speed, during a yeast visit. (**C**) Effect of AA challenges on the angular speed, during a yeast visit.**DOI:** [http://dx.doi.org/10.7554/eLife.19920.014](10.7554/eLife.19920.014)10.7554/eLife.19920.015Figure 4---figure supplement 3.Modulation of yeast feeding program microstructure by AA challenges.(**A**) Schematic of feeding program microstructure. Two components of the feeding microstructure can be modulated to reach protein homeostasis: the number of sips inside each feeding burst (blue shading) and the inter-burst interval (IBI). (**B**) Mean inter-burst-interval duration. (**C**) Mean number of yeast sips inside a feeding burst. (**D**) Histogram of the inter-sip-interval durations for the indicated internal states. (**E**) Histogram of the sip durations for the indicated internal states. In **D** and **E** the lines represent the mean and the shaded areas the s.e.m.**DOI:** [http://dx.doi.org/10.7554/eLife.19920.015](10.7554/eLife.19920.015)

We next asked if AA deprivation could also induce differences in the way flies behaved on the yeast patches. When we plotted the distribution of the positions of the flies on the proteinaceous food patches, we observed that AA-deprived flies covered the patches more homogeneously than flies kept on a suboptimal diet, which preferred to stay at the edge of the patch [Figure 4C](#fig4){ref-type="fig"}). In fact, deprived flies ventured much more into the food patch as quantified by the fact that during a visit, their average minimum distance from the patch center was much smaller ([Figure 4D](#fig4){ref-type="fig"}) and that they covered a larger area of the resource ([Figure 4E](#fig4){ref-type="fig"}). These data suggest that AA-deprived flies are not only more motivated to start exploiting a yeast patch but are also more active while on the food patch.

This was further supported when we quantified locomotor activity during each visit to yeast. As visible in the two example trajectories displayed in [Figure 4F](#fig4){ref-type="fig"}, we observed that deprived flies were more active, displaying higher linear ([Figure 4G and H](#fig4){ref-type="fig"}) and angular speeds ([Figure 4I](#fig4){ref-type="fig"}). Accordingly, these flies had fewer resting bouts and more sharp turns ([Figure 4J](#fig4){ref-type="fig"}). These changes in behavior observed on the food patch were only induced by a complete lack of AAs, as there was no difference in these parameters between mated females pre-fed the rich diet versus those pre-fed the suboptimal diet ([Figure 4---figure supplement 2](#fig4s2){ref-type="fig"}). All these data are in agreement with an increase in yeast exploitation upon full AA deprivation. Flies lacking AAs would be more \'eager\' to exploit and therefore ingest yeast, leading to a strong increase in yeast feeding as observed using the flyPAD ([Figure 2B](#fig2){ref-type="fig"}).

Animals homeostatically increase food intake upon food deprivation, by changing the micro-structure of their feeding motor pattern ([@bib19]; [@bib35]) ([Figure 4---figure supplement 3A](#fig4s3){ref-type="fig"}). As video tracking does not give us access to the fine structure of the proboscis motor program, we used the flyPAD technology to characterize the changes in the microstructure of feeding upon AA deprivation. Pre-feeding flies a suboptimal diet led to a decrease only in the inter-burst-interval (IBI) when compared to flies kept on a rich diet ([Figure 4---figure supplement 3B](#fig4s3){ref-type="fig"}) while the number of sips in each feeding burst did not change ([Figure 4---figure supplement 3C](#fig4s3){ref-type="fig"}). Full AA deprivation, however, led to a strong increase in the number of sips per burst with only a mild further decrease in the IBI. These effects are very similar to those observed upon mating in yeast-deprived females, which leads to both a decrease in the inter-burst interval and an increase in the number of yeast sips per burst ([@bib79]).

The volume ingested during a feeding bout is a product of the duration of that bout and the feeding rate. Therefore, we analyzed the rhythmic feeding motor pattern and observed that it was only slightly modified by dietary AA levels ([Figure 4---figure supplement 3D and E](#fig4s3){ref-type="fig"}). The mode of the inter-sip-interval distributions decreased from 0.08 s in mated females pre-fed the rich diet to 0.07 s when pre-fed the suboptimal diet (p=0.0045, Wilcoxon rank-sum test with Bonferroni correction), while no further change was observed when they were pre-fed the AA− diet (0.07 s, p=1). However, the mode of the sip duration distributions did not change when mated flies pre-fed a suboptimal diet were compared to females kept on a rich diet (0.12 s, p=0.1196), but it decreased when flies were pre-fed the AA− diet (0.11 s, p=0.0067). Taken together, while AA deprivation has minimal effects on the decision to stop at a proteinaceous food patch and leave it, this metabolic manipulation leads to drastic changes in its exploitation. The described changes in activity are likely to support an increased intake of the yeast resource, which is further promoted by a change in the feeding motor pattern of the fly. The increase in exploitation can also be interpreted as an increase in local, resource-directed exploration which could aid the micro-optimization of food intake within non-homogenous natural food patches.

Amino acid challenges reduce global exploration and increase revisits to the same yeast patch {#s2-6}
---------------------------------------------------------------------------------------------

The data presented above clearly demonstrate that different internal states interact to modulate food exploitation. But what could be the effects of internal states on the exploratory behaviors of flies? In order to capture how far the fly would forage to reach the next yeast patch, we calculated three types of transition probabilities: transitions to the same yeast patch, transitions to adjacent yeast patches, and transitions to distant yeast patches. We found that mated flies fed the rich diet had a high probability of transitioning to distant yeast patches (75%) ([Figure 5A and D](#fig5){ref-type="fig"}), and a lower probability of transitioning to adjacent food patches (25%) ([Figure 5A and E](#fig5){ref-type="fig"}).10.7554/eLife.19920.016Figure 5.Amino acid challenges reduce global exploration and increases revisits to same yeast patch.(**A**--**C**) Effect of internal states on exploratory behavior of mated females pre-fed with an AA rich diet (**A**), an AA suboptimal diet (**B**) or an AA− diet (**C**). Example trajectories show head position during a yeast-yeast transition. Arrows and pie charts indicate the transition probabilities to visit three types of yeast patches: the same (orange), an adjacent one (blue) or a distant one (black). (**D**--**F**) Comparison of the transition probabilities described in (**A**--**C**) across the different diet treatments in mated females. (**G**) Average distance covered during transitions to yeast visits. *ns*, not significant (p≥0.05), \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001, significance was tested by Wilcoxon rank-sum test with Bonferroni correction.**DOI:** [http://dx.doi.org/10.7554/eLife.19920.016](10.7554/eLife.19920.016)10.7554/eLife.19920.017Figure 5---figure supplement 1.Dynamics of yeast-yeast transitions in single flies.Ethograms showing the yeast visits for each fly (each row is a single fly) along the 120 min of the video tracking assay, for the indicated condition. Colors indicate if the food patch visited previous to every yeast visit was the same (orange), an adjacent (blue) or a distant one (black). Pie charts indicate the accumulated median transition probabilities by the end of the assay, for the indicated condition (same as [Figure 5A--C](#fig5){ref-type="fig"}).**DOI:** [http://dx.doi.org/10.7554/eLife.19920.017](10.7554/eLife.19920.017)

Strikingly, these flies almost never returned to the yeast patch they had just visited ([Figure 5A and F](#fig5){ref-type="fig"}). Fully-fed flies therefore display a high rate of global exploratory activity, traveling larger distances during their transitions ([Figure 5G](#fig5){ref-type="fig"}) and mainly choosing to visit distant food patches (as in the example trace). Challenging flies with a suboptimal diet ([Figure 5B](#fig5){ref-type="fig"}) or one lacking all AAs ([Figure 5C](#fig5){ref-type="fig"}) significantly altered their exploratory behavior: they strongly reduced their probability of transitioning to distant yeast patches ([Figure 5D](#fig5){ref-type="fig"}) and increased the probability of transitioning to adjacent yeast patches ([Figure 5E](#fig5){ref-type="fig"}). Further, in contrast to the fully-fed flies, AA-challenged flies showed a strong increase in their probability of returning to the same yeast patch ([Figure 5F](#fig5){ref-type="fig"} and [Figure 5---figure supplement 1](#fig5s1){ref-type="fig"}). As one would expect, these changes in behavior are also seen as a decrease in the average distance traveled by animals during transitions to yeast ([Figure 5G](#fig5){ref-type="fig"}). Dietary AA challenges therefore lead to a switch from global to local exploration (see example traces in [Figure 5A--C](#fig5){ref-type="fig"}). One of the most striking changes is the strong increase in returns to the same yeast patch upon AA deprivation. This change in exploratory strategy leads to an effective additional increase in the time on the same yeast patch without requiring a change in the decision to leave it. Taken together, these changes in exploratory strategy should enable the fly to efficiently increase the intake of yeast while minimizing the distance traveled to the next patch. It also allows the fly to focus on a resource whose quality she knows while avoiding testing food patches of unknown qualities, thereby reducing exploratory risk.

Flies dynamically adapt their exploitatory and exploratory behavior to their internal AA state {#s2-7}
----------------------------------------------------------------------------------------------

If yeast exploitation and exploration are indeed regulated by the internal AA state of the fly, we hypothesized that flies should dynamically adapt their behavior as their internal state changes over the course of the assay due to satiation. To capture this effect independently from the varying yeast intake dynamics displayed by each fly, we divided the total duration of yeast micromovements of each fly into four periods, which we called \'yeast quartiles\' ([Figure 6A](#fig6){ref-type="fig"}). Each *yeast quartile* consists of 25% of the time that the fly spent in yeast micromovements, but covers a different amount of absolute time in the assay for each fly.10.7554/eLife.19920.018Figure 6.Flies dynamically adapt their exploitatory and exploratory behavior as their internal AA satiation changes.(**A**) Definition of yeast quartiles based on the total duration of yeast micromovements along the two hours of the video tracking assay for an example fly. Arrows indicate start and end points of each yeast quartile. Each yeast quartile consists of 25% of the time that the fly spent in yeast micromovements, but covers a different amount of absolute time in the assay for each fly, as shown in (**B**). (**B**) Example trajectories of head positions during each yeast quartile defined in (**A**). Red indicates the occurrence of a yeast micromovement. (**C**--**H**) Effect of yeast satiation on exploration (**C**--**E**) and exploitation (**F**--**H**) parameters, for mated AA-deprived flies, quantified during the four yeast quartiles of each fly. As the flies spend more time on yeast, the values of these parameters change towards the values of flies fed with a rich diet. \*p\<0.05, \*\*\*p\<0.001, significance was tested by Wilcoxon rank-sum test.**DOI:** [http://dx.doi.org/10.7554/eLife.19920.018](10.7554/eLife.19920.018)10.7554/eLife.19920.019Figure 6---figure supplement 1.Exploitation parameters in AA-deprived flies revert back to fully-fed values.(**A**--**C**) Exploitation parameters from first yeast quartile (Q1) and fourth yeast quartile (Q4) of AA-deprived mated females compared to the values observed in flies pre-fed a rich and a suboptimal diet along the 2 hr of the video tracking assay. (**A**) Average minimum distance of the head to the center of the yeast patch, (**B**) angular speed during yeast visits. (**C**) Average duration of yeast visits. *ns*, not significant (p≥0.05), \*\*\*p\<0.001, significance was tested by Wilcoxon rank-sum test with Bonferroni correction.**DOI:** [http://dx.doi.org/10.7554/eLife.19920.019](10.7554/eLife.19920.019)

As hypothesized, the flies displayed clear differences in their foraging behavior across the four analyzed quartiles. The effect on exploration was clearly visible in the raw tracking traces for the four quartiles ([Figure 6B](#fig6){ref-type="fig"}). As the time spent on yeast increased, the average distance traveled to the next yeast patch ([Figure 6C](#fig6){ref-type="fig"}) and the probability of visiting a distant yeast patch increased ([Figure 6D](#fig6){ref-type="fig"}), while the probability of revisiting the same yeast patch decreased ([Figure 6E](#fig6){ref-type="fig"}). Accordingly, parameters related to patch exploitation such as the average minimum distance from the center of the patch ([Figure 6F](#fig6){ref-type="fig"}), the angular speed on the yeast patch ([Figure 6G](#fig6){ref-type="fig"}), and the average duration of the yeast visit ([Figure 6H](#fig6){ref-type="fig"}) reverted to the values observed in fully-fed females ([Figure 6---figure supplement 1A--C](#fig6s1){ref-type="fig"}). These results show that flies are capable of dynamically adapting their behavioral strategies according to their current internal state and strengthen the notion that foraging strategies are modified by the AA state of the animal to homeostatically balance the intake of AA-rich foods.

ORs mediate efficient recognition of yeast as an appropriate food source {#s2-8}
------------------------------------------------------------------------

Starvation changes olfactory representations of food odors and these changes are thought to be required to find food efficiently ([@bib7]; [@bib61]). As a proof of principle of how our setup could be used to uncover the neuronal mechanisms underlying foraging decisions, we decided to analyze the role of olfaction in nutrient homeostasis. Olfactory sensory neurons in *Drosophila* express two main types of chemosensory receptors: Odorant Receptors (OR) and Ionotropic glutamate receptors (IRs) ([@bib62]; [@bib77]). The OR type of olfactory receptors have been shown to significantly contribute to the olfactory detection of yeast over large distances ([@bib5]; [@bib14]) and are known to mediate physiological responses to yeast odors ([@bib46]). We therefore focused on the function of these receptors in homeostatic yeast feeding by tracking the foraging behavior of flies lacking *Orco*, a co-receptor essential for OR function ([@bib42]). Unexpectedly, we observed that in general upon AA deprivation, *Orco* mutants showed a similar total duration of yeast visits as controls ([Figure 7A](#fig7){ref-type="fig"}). However, upon closer inspection of the time course of yeast visits, we observed that flies with impaired olfaction had a very long latency to engage in a long yeast visit when compared to the genetic controls ([Figure 7B--D](#fig7){ref-type="fig"}, see also [Figure 4A](#fig4){ref-type="fig"} and [Figure 7---figure supplement 1](#fig7s1){ref-type="fig"}). While *Orco* mutants needed around 25 min to enter into a high yeast exploitation \'mode\' (median = 25.58 min, IQR = 15.05--30.06) the genetic controls required only 5--8 min to do so ([Figure 7C](#fig7){ref-type="fig"}).10.7554/eLife.19920.020Figure 7.ORs mediate efficient recognition of yeast as an appropriate food source.(**A**) *Orco*^1/1^ AA-deprived flies spend as much total time visiting yeast as AA-deprived control flies (n = 10--14). (**B**) Rolling median of the total duration of yeast visits using a 5 min window and a step of 4 min. (**C**) Effect of *Orco* mutation on the latency to engage in the first \'long\' (≥30 s) yeast visit. (**D**) Behaviors displayed by *Orco^1/1^*and control flies, along the 120 min of the assay. Each row represents the ethogram of a single fly, following the same color code used in [Figure 1D](#fig1){ref-type="fig"}. Yellow: yeast micromovements. Black: sucrose micromovements. Pink: micromovements outside the food patches. Blue: walking bouts. Gray: resting bouts. Green: sharp turns. Blue circles indicate the latency (see **C**) of each fly. Arrows indicate example flies shown in (**E**). (**E**) Top: Example trajectory of head positions of an *Orco^1/1^* AA-deprived fly during the 23-min-long latency period (first three panels on the left) and during 45 min after the latency period (fourth panel). Bottom: Example trajectory of head positions of a *Canton S* AA-deprived fly during the 4-min-long latency period (first panel on the left) and from the latency point up to minute 68 (three panels on the right). Highlighted trajectory segments represent yeast encounters (pink) and yeast visits (blue). (**F**--**G**) Exploration and locomotor activity during latency period is not affected in *Orco^1/1 ^*flies as indicated by the number of yeast encounters (**F**) and the body centroid speed outside food patches (**G**). (**H**) The first long yeast visit is longer in *Orco^1/1 ^*flies than in control flies. (**I**) Probability of transition to same yeast patch is higher in *Orco^1/1 ^*flies than in control flies. *ns*, not significant (p≥0.05), \*p\<0.05, \*\*p\<0.01, significance was tested by Wilcoxon rank-sum test with Bonferroni correction.**DOI:** [http://dx.doi.org/10.7554/eLife.19920.020](10.7554/eLife.19920.020)10.7554/eLife.19920.021Figure 7---figure supplement 1.Yeast dynamics of *Orco* mutant flies.Cumulative duration of yeast micromovements. Gray lines correspond to single flies. Thick colored lines indicate median.**DOI:** [http://dx.doi.org/10.7554/eLife.19920.021](10.7554/eLife.19920.021)

Olfaction has been proposed to be important for the fly to locate food sources ([@bib61]). *Orco* mutants, however, have plenty of encounters with yeast during the latency period. This is clearly visible in the example trace ([Figure 7E](#fig7){ref-type="fig"}) where pink dots mark encounters with yeast patches. In fact, the number of encounters of *Orco* mutant flies with yeast patches was similar to, or even higher than, that of controls ([Figure 7F](#fig7){ref-type="fig"}). The increased latency also seems not to be due to an impairment in locomotion, as mutant flies walked as fast when outside the food patches as genetic controls ([Figure 7G](#fig7){ref-type="fig"}). These data indicate that in our assay, *Orco* mutant flies easily find yeast patches but fail to efficiently engage into long yeast visits.

If *Orco* mutant flies are inefficient in stopping at yeast patches, how do they manage to homeostatically compensate for the AA challenge? We observed that the duration of the first long visit ([Figure 7H](#fig7){ref-type="fig"}) and the probability of revisiting the same yeast patch ([Figure 7I](#fig7){ref-type="fig"}) were greater for the *Orco* mutants than for the controls. These results indicate that mutant flies were either more AA deprived than controls or compensated for their sensory deficit by displaying a generally higher exploitatory motivation. Taken together these results show that, in mated females, OR-mediated olfaction is necessary for efficient recognition of yeast as an appropriate resource but is not required to locate food patches at a short range or to achieve nutritional homeostasis.

Octopamine mediates homeostatic postmating responses but not internal sensing of AA deprivation state {#s2-9}
-----------------------------------------------------------------------------------------------------

Neuromodulators are thought to be important in translating internal states into behavioral output ([@bib72]). While octopamine has been shown to mediate the postmating increase in yeast feeding ([@bib79]), it has been proposed that it does not contribute to homeostatic changes in feeding behavior ([@bib81]). We therefore decided to show that our setup could be used to test possible neuromodulatory effects of octopamine on yeast foraging, using mutants for the gene encoding Tyramine β-hydroxylase (TβH), an enzyme required for the biosynthesis of octopamine in the whole animal. As expected, we observed that in AA-deprived females, the drastic increase in the total duration of yeast visits after mating was greatly reduced in *Tβh^nM18^* flies ([Figure 8A](#fig8){ref-type="fig"} and [Figure 8---figure supplement 1A](#fig8s1){ref-type="fig"}). Likewise, octopamine also seems to be required to elicit the full increase in the probability of stopping at yeast ([Figure 8B](#fig8){ref-type="fig"} and [Figure 8---figure supplement 1B](#fig8s1){ref-type="fig"}) and the full increase in the duration of yeast visits ([Figure 8C](#fig8){ref-type="fig"} and [Figure 8---figure supplement 1C](#fig8s1){ref-type="fig"}), reiterating our previous observation that these two parameters are modulated by mating ([Figure 3](#fig3){ref-type="fig"}). To test whether octopamine was also required for mediating changes in yeast feeding behavior upon AA deprivation, we used the flyPAD technology. *Tβh^nM18^*virgin flies were able to increase the number of sips after AA deprivation to a similar extent as control flies ([Figure 8D](#fig8){ref-type="fig"} and [Figure 8---figure supplement 1D](#fig8s1){ref-type="fig"}) showing that octopamine is not involved in translating the internal state of AA deprivation into increased yeast intake. Overall, these results confirm that the decisions to stop at a yeast patch and leave it are strongly modulated by mating. They also show that octopamine mediates these postmating responses towards yeast, but is not required to sense the internal AA deprivation state. These results provide a first step towards dissecting the role of octopamine in nutrient homeostasis.10.7554/eLife.19920.022Figure 8.Octopamine mediates postmating response towards yeast but not internal sensing of AA deprivation state.(**A**--**C**) Effect of the *Tβh^nM18 ^*mutation on the postmating change in foraging parameters, obtained from the video tracking assay after 1 hr: total duration of yeast visits (**A**), probability of stopping at a yeast patch (**B**) and average duration of yeast visits (**C**) for *Canton S* and *Tβh^nM18^*females, both AA-deprived. Bars depict difference between median value of mated minus virgin groups for the correspondent parameter. Error bars show 5% and 95% bootstrap confidence intervals (n = 25--33). (**D**) Effect of *Tβh* mutation on the increase of yeast sips after AA deprivation in virgin females, quantified using the flyPAD setup. Bars depict difference between median values of AA+ (suboptimal) minus AA−deprived groups. Error bars show 5% and 95% bootstrap confidence intervals (n = 26--34). *ns*, not significant. (**A**--**C**) Show statistically significant differences between *Canton S* and *Tβh^nM18^*females, as the confidence intervals don't overlap.**DOI:** [http://dx.doi.org/10.7554/eLife.19920.022](10.7554/eLife.19920.022)10.7554/eLife.19920.023Figure 8---figure supplement 1.Octopamine mediates postmating response to yeast.(**A**--**C**) Effect of the *Tβh^nM18^*mutation on the postmating change in foraging parameters, obtained using the video tracking setup: (**A**) total duration of yeast visits, (**B**) probability of stopping at a yeast patch and (**C**) average duration of yeast visits for AA-deprived *Canton S* and *Tβh^nM18^*virgin (open circles) and mated (closed circles) females. (**D**) Effect of *Tβh^nM18^*mutation on the increase of yeast sips after AA deprivation in virgin females, using the flyPAD assay. *ns*, not significant (p≥0.05), \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001, significance was tested by Wilcoxon rank-sum test with Bonferroni correction.**DOI:** [http://dx.doi.org/10.7554/eLife.19920.023](10.7554/eLife.19920.023)

Discussion {#s3}
==========

In order to maintain nutrient homeostasis animals need to be able to adapt their nutrient preferences to their current state. But which behavioral alterations underlie such changes in preference? Here we use an automated video tracking setup to quantitatively capture the behavioral adaptations to AA and mating state changes that allow the animal to maintain nutrient homeostasis. We started by separating the behaviors flies display towards food into discrete decisions: the decision to approach a food patch, the decision to stop at it, and the decision to leave it ([Figure 9](#fig9){ref-type="fig"}). Strikingly, mating and AA challenges induced compensatory behaviors towards yeast patches but not sucrose patches, indicating that the fly changes its exploitation decisions in a resource specific way. Furthermore, internal state modifications impact specific decisions to a different extent. While mating had a major effect on the probability of a fly leaving a yeast patch, AA challenges strongly increased the probability of stopping at a food patch. Nevertheless, the effect of AA deprivation on the decision to stop at a food patch was strongly dependent on mating suggesting that both internal states act synergistically to increase yeast intake. Furthermore, while full AA deprivation leads to a strong increase in yeast feeding when compared to flies kept on a suboptimal diet, the described decisions were not further altered by this drastic nutritional manipulation. There was, however, a considerable decrease in the latency to visit yeast patches for a long time and a general increase in parameters related to the \'eagerness\' of the fly to exploit the resource (latency to engage on a yeast visit, locomotor activity on the patch and area of patch covered). Internal states, therefore, alter feeding in specific ways, allowing the fly either to spend more time on the food through the modulation of patch decisions, or to increase resource exploitation through the modulation of motivation without changing patch decisions. These specific changes allow the animal to dose its exploitatory behavior and hence the intake of nutrients over a large range (\~17 fold) to match its current needs.10.7554/eLife.19920.024Figure 9.Model of behavioral strategies modulated by internal AA state.We propose a model in which virgin flies with high internal levels of AAs display low intake mostly ignore yeast patches upon encounter and have a high probability of leaving the yeast patch upon stopping at it. Internal AA levels decrease as a consequence of poor diets which induce a change in the leaving decision, inducing increased yeast intake. Octopamine mediates the postmating changes in the foraging decisions of stopping at the yeast patch and leaving it upon encounter. As the internal AA levels decrease in mated females, their exploration patterns switch from global exploration to local exploration and multiple returns to the same yeast patch.**DOI:** [http://dx.doi.org/10.7554/eLife.19920.024](10.7554/eLife.19920.024)

The specific changes observed in the behavior upon alterations of internal state are in agreement with a modular organization of behavioral control. Such modularity has been previously described in the organization of motor output, such as locomotion ([@bib39]), swimming ([@bib32]), grooming ([@bib64]), and feeding ([@bib35]; [@bib79]). This accumulated evidence suggests that the nervous system uses different mechanisms and hence circuits to change specific aspects of behavioral outcomes or decisions and that these changes add up to reach a specific goal. In agreement with this model, it has been shown that the impact of different starvation times on gustatory input relies on different mechanisms ([@bib34]). Similarly, our data show that octopamine is specifically required for mediating the changes in yeast decisions observed upon mating but not upon AA deprivation ([Figure 9](#fig9){ref-type="fig"}). Nevertheless, some decisions, such as the decision to stop at a yeast patch, seem to be synergistically gated by both the mating and the AA state of the fly. It will be interesting to dissect how different internal states act at the circuit level to change behavioral decisions: do they act differentially on specific neuronal populations, or is the observed synergism a reflection of the different internal states acting on the same set of neurons?

While at the population level the effect of internal state manipulations led to stereotypical changes in behavior, the effect of internal state on the decisions implemented varied greatly at the individual level. This effect is reminiscent of the large individual differences observed in human physiology in response to identical diets ([@bib84]). While such behavioral differences can stem from different metabolic states prior to the experiment, transgenerational effects in metabolism ([@bib56]), or differences in the microbiota of the flies ([@bib10]), there is a real possibility that they also reflect idiosyncrasies in behavior and metabolic susceptibilities to internal state changes at the individual level. Indeed, upon AA challenges, we observed that some flies increased their total time on yeast by having many short yeast visits, while some flies had fewer but longer visits. It will be interesting to investigate if these differences reflect behavioral idiosyncrasies, as observed before in many animals including *Drosophila* ([@bib11]; [@bib22]; [@bib38]). Differentiating between these two possibilities and identifying the physiological and circuit mechanisms leading to idiosyncrasies will be key to a better understanding of behavior. This is especially relevant for understanding metabolic conditions related to nutrition such as obesity.

In order to balance the intake of specific nutrients the animal should be able to specifically change its decisions towards the food source which contains the nutrient it needs. Our data show that this is indeed the case, pointing to a possible important contribution of chemosensory systems to nutrient decisions. Indeed, taste processing has been shown to be changed by the mating state of the animal and to contribute to the adaptation of behavioral decisions such as food choice ([@bib79]) and egg laying site selection ([@bib33]). The contribution of olfaction to nutrient selection is less well understood. The sense of smell is thought to be mostly important for food search behavior ([@bib5]), with starvation changing olfactory sensitivity to improve the finding of a food source ([@bib61]). Our data suggest that while olfactory-impaired mated flies are able to homeostatically increase yeast intake upon AA deprivation, OR-mediated olfaction still plays an important role in their capacity to do so. Interestingly, olfaction doesn't seem to be important for locating the food but for identifying yeast as an appropriate food source. These data suggest that flies use multimodal integration to decide which food to ingest. In humans, flavor, the integration of different sensory modalities such as taste and smell, is key to the perception of food ([@bib76]). Similarly, in mosquitoes olfaction acts together with other sensory cues to initiate a meal ([@bib51]). Identifying the chemosensory basis for yeast feeding decisions might therefore be a powerful way to investigate the neuronal basis of flavor perception.

While one would expect that internal states increase food intake by changing exploitation decisions, their effects on exploratory behaviors in our paradigm are not trivial. Exploration is key for animals to find the resources they require and to acquire information about their surrounding environment ([@bib12]; [@bib29]; [@bib31]). In our paradigm, however, animals do not need to search for resources as they are readily available. A key question then becomes why animals leave a food patch at all, especially when they are deprived of AAs ([Figure 9](#fig9){ref-type="fig"}). The fact that they still do so means that there is a value in leaving the current food patch, even if that one provides the urgently required nutrients to produce offspring and has not been depleted yet. We can only speculate that there must be an advantage in taking the \'risk\' of exploring unknown options and maybe identifying a better resource. Animals might often require other resources and leaving the current food patch might allow them to also explore the availability of these. Flies seem to nevertheless manage their exposure to uncertainty by tuning the spatial properties of their exploration. Their internal states not only define the probability of leaving a food patch, they also define if they will explore locally or more globally. The more deprived they are, the more local their exploratory pattern will be ([Figure 9](#fig9){ref-type="fig"}). Remarkably, while the leaving probability of flies pre-exposed to a suboptimal AA diet and a diet lacking AAs looks identical, their exploratory patterns are very different. For example, AA-deprived flies display a higher rate of returns to the same patch right after leaving it. Therefore, while the neuronal processes determining staying decisions seem not to be altered between both AA-challenged states, full AA deprivation must act on the circuits controlling exploration to strongly increase the probability of revisiting the patch the fly just left. This allows the fly to de facto stay longer on the same food patch without changing its leaving decisions. We would like to propose that the apparent separate regulation of these two aspects of the fly behavior suggests that there are two separate internal state sensing processes regulating exploitation and exploration decisions. The combination of both behavioral and circuit modules would allow the fly to trade off the requirement to exploit specific resources and the \'risk\' of exposing itself to resources of unknown or lower quality. Furthermore, it is interesting to note the similarity between the revisits to the same food patch we observed upon strong AA deprivation and the \'dances\' observed by Vincent Dethier in the blowfly ([@bib21]). Both phenomena are examples of how animals regulate their search behavior and exposure to uncertainty by modulating the local dynamics of their exploratory behavior, in a state-dependent manner. While the budget theory is a classic aspect of foraging theory, it has recently started to be reassessed. It is mainly controversial if energy-deprived animals, including humans, are more or less risk-prone ([@bib37]). Our data suggest that the exploratory behavior of AA-deprived animals minimizes their exposure to uncertainty. The description of how different aspects of risk management are implemented at the behavioral level opens up the opportunity to identify the circuit mechanisms by which internal states control exploration-exploitation trade-offs and therefore how animals decide how much to expose themselves to the unknown.

The success of neurogenetics has relied to a large extent on the use of simple binary end-point behavioral assays to perform large-scale unbiased screens ([@bib44]; [@bib73]; [@bib78]). This approach has allowed the field to make important contributions to the molecular and circuit basis of innumerable phenomena, including learning and memory ([@bib30]), chronobiology ([@bib40]), innate behaviors ([@bib20]; [@bib83]), and sensory physiology ([@bib42]). While identifying these cornerstones of neuroscience was crucial, we are now in a position to start understanding how these mechanisms act at the circuit level to perform more complex computations such as the ones used during decision-making and exploration. This endeavor requires the use of a richer and dynamic description and analysis of behavior ([@bib25]). We used a combination of computer vision ([@bib2]) and a quantitative, automated capacitance-based behavioral assay ([@bib35]) with internal state and genetic manipulations to characterize and identify the behavioral changes allowing the animal to achieve homeostasis. It is interesting to consider that while we identify an important role of OR-mediated olfaction in nutrient decision-making, this would not have been possible using end-point analyses, as the animal manages to compensate for its sensory challenge using alternative means. The use of dynamic, quantitative descriptions of complex behavior therefore enables neuroscientists to decompose these into discrete processes, opening up the possibility to go beyond assigning circuits and molecules to general behaviors to start explaining how they act to control the generation of complex cognitive processes.

Materials and methods {#s4}
=====================

*Drosophila* stocks, genetics and rearing conditions {#s4-1}
----------------------------------------------------

Unless stated otherwise all experiments were performed with *Canton S* female flies. *Canton S* flies were obtained from the Bloomington stock center. *Orco^1/1 ^*flies were a kind gift of Sofia Lavista-Llanos from the Hansson laboratory ([@bib42]). *Orco^1/+ ^*flies were obtained by crossing *Canton* S virgins with *Orco^1/1 ^*males. *Tβh^nM18 ^*flies were a kind gift of Scott Waddell ([@bib52]). Fly rearing, maintenance, and behavioral testing were performed at 25°C in climate-controlled chambers at 70% relative humidity in a 12 hr-light-dark cycle. All experimental and control groups were matched for age and husbandry conditions.

Media compositions {#s4-2}
------------------

The standard yeast-based medium (YBM) contained, per liter, 80 g cane molasses, 22 g sugar beet syrup, 8 g agar, 80 g corn flour, 10 g soya flour, 18 g yeast extract, 8 ml propionic acid, and 12 ml nipagin (15% in ethanol) supplemented with instant yeast granules on the surface. To ensure a homogenous density of offspring among experiments, fly cultures were always set with five females and three males per vial and left to lay eggs for three days. Flies were reared in YBM until adulthood. Three different types of holidic medium were used as described previously ([@bib57]) using the following formulations: 50S200NYaa (*AA+ rich*), 50S200NHUNTaa (*AA+ suboptimal*) and 50S0N (*AA−*). Composition of the media is as described in [@bib57], without food preservatives and only differ in amino acids composition. The proportion of amino acids in 50S200NYaa diet is adjusted to match that in yeast and was considered a rich diet maximizing egg laying ([@bib57]). The detailed holidic media compositions can be found in [Table 1](#tbl1){ref-type="table"}.10.7554/eLife.19920.025Table 1.Composition of holidic medium.**DOI:** [http://dx.doi.org/10.7554/eLife.19920.025](10.7554/eLife.19920.025)IngredientStockAmount per literGelling agentAgar20 gSugarSucrose17.12 gAmino acids for 50S200NHUNTaa\*L-isoleucine1.82 gL-leucine1.21 gL-tyrosine0.42 gAmino acids for 50S200NYaa\*L-isoleucine1.16 gL-leucine1.64 gL-tyrosine0.84 gMetal ionsCaCl~2~.6H~2~O1000x: 250 g/l1 mlCuSO~4~.5H~2~O1000x: 2.5 g/l1 mlFeSO~4~.7H~2~O1000x: 25 g/l1 mlMgSO~4~ (anhydrous)1000x: 250 g/l1 mlMnCl~2~.4H~2~O1000x:1 g/l1 mlZnSO~4~.7H~2~O1000x: 25 g/l1 mlCholesterolCholesterol20 mg/ml in Ethanol15 mlWaterWater (milliQ)1 l minus combined volume to be added after autoclaving**Autoclave 15 min at 120ºC. All additions below should be performed using sterile technique**Amino acids for 50S200NHUNTaa\*Essential amino acid stock solution8 g/l L- arginine monohydrochloride\
10 g/l L-histidine\
19 g/l L- lysine monohydrochloride\
8 g/l L-methionine\
13 g/l L-phenylalanine\
20 g/l L-threonine\
5 g/l L-tryptophan\
28 g/l L-valine60.51 mlNon-essential amino acid stock solution35 g/l L-alanine\
17 g/l L-asparagine\
17 g/l L-aspartic acid sodium salt monohydrate\
0.5 g/l L-cysteine hydrochloride\
25 g/l L-glutamine\
32 g/l glycine\
15 g/l L-proline\
19 g/l L-serine60.51 mlSodium glutamate stock solution100 g/l L-glutamic acid monosodium salt hydrate15.13 mlAmino acids for 50S200NYaa\*Essential amino acid stock solution23.51 g/l L-arginine monohydrochloride\
11.21 g/l L-histidine\
28.70 g/l L-lysine monohydrochloride\
5.62 g/l L-methionine\
15.14 g/l L-phenylalanine\
21.39 g/l L-threonine\
7.27 g/l L-tryptophan\
22.12 g/l L-valine60.51 mlNon-essential amino acid stock solution26.25 g/l L-alanine\
13.89 g/l L-asparagine\
13.89 g/l L-aspartic acid sodium salt monohydrate\
30.09 g/l L-glutamine\
17.89 g/l glycine\
9.32 g/l L-proline\
12.56 g/l L-serine60.51 mlSodium glutamate stock solution100 g/l L-glutamic acid monosodium salt hydrate18.21 mlCysteine stock solution50 g/l L-cysteine hydrochloride5.28 mlVitaminsVitamin solution125x:\
0.1 g/l thiamine hydrochloride\
0.05 g/l riboflavin\
0.6 g/l nicotinic acid\
0.775 g/l Ca pantothenate\
0.125 g/l pyridoxine hydrochloride\
0.01 g/l biotin14 mlSodium folate1000x: 0.5 g/l1 mlBaseBuffer10x:\
30 ml/l glacial acetic acid\
30 g/l KH~2~PO~4~\
10 g/l NaHCO~3~100 mlOther nutrients125x:\
6.25 g/l choline chloride\
0.63 g/l myo-inositol\
8.13 g/l inosine\
7.5 g/l uridine8 ml[^1]

Behavioral assays {#s4-3}
-----------------

Groups of 9 to 11 newly hatched (0--6 hr old) female flies of the indicated genotypes were transferred to vials containing fresh standard yeast-based medium (YBM). Three days later, all vials were transferred to fresh standard medium and 4 males were added to half of the vials to obtain mated female flies. After two more days, all vials were transferred once again to fresh standard YBM. On the sixth day, all vials were transferred to fresh holidic media. Flies were left to feed *ad-libitum* for three days on the holidic media and then tested in the video tracking or flyPAD setups. Single flies were tested in individual arenas that contained two kinds of food patches: yeast (180 g/L) and sucrose (180 g/L), each mixed with 0.75% (tracking) or 1% (flyPAD) agarose. Flies were individually transferred to the arenas by mouth aspiration and allowed to feed for 1 (flyPAD) or 2 (tracking) hours, except for the tracking experiment with *Tβh^nM18 ^*mutant flies, which lasted 1 hr. flyPAD data were acquired using the Bonsai framework ([@bib48]) and analyzed in MATLAB (Mathworks, Natick, MA) using custom-written software, as described ([@bib35]). To avoid patch exhaustion before the end of the tracking assays, each circular patch contained 5 µL of food with a diameter of approximately 3 mm. After each assay, the tracking arenas were washed with soap, rinsed with 70% ethanol, and finally with distilled water.

Videos that had more than 10% of lost frames (due to technical problems during acquisition) were excluded from the analysis. No further data was excluded. The experiment that compares the conditions *AA+ suboptimal* and *AA−* (results shown in [Figures 1](#fig1){ref-type="fig"}--[6](#fig6){ref-type="fig"}) was performed 3 times independently, which means that an independent set of individuals (n=15--35, shown in the corresponding figure legend) was reared and tested under the corresponding conditions. The experiment comparing *AA+ rich* vs *AA−* was performed two times independently. The experiments comparing *Tβh^nM18^* or *Orco* mutant flies with their corresponding controls were performed once with the sample size indicated in the corresponding figure legend. We confirmed that the claims made in this manuscript held for every experimental replicate. We never tested the same individual more than once.

Behavioral box and arena design {#s4-4}
-------------------------------

The behavioral arenas for the video tracking ([Figure 1B](#fig1){ref-type="fig"}) were designed and manufactured in-house using a laser-cutter and a milling machine. Material used for the base was acrylic and glass for the lid. The outer diameter of the arena was 73 mm. The inner area containing food patches was flat and had a diameter of 50 mm and a distance to the lid of 2.1 mm. To allow a top-view of the fly throughout the whole experiment, the outer area of the arena had 10° of inclination ([@bib65]) and the glass lid was coated with 10 µL of SigmaCote the night before the assays. Food patches were distributed in two concentric circles equidistantly from the edge. Furthermore, sucrose and yeast patches were alternated such that from a given food patch, there was at least one adjacent yeast and one adjacent sucrose patch. The radius of each food patch was approximately 1.5 mm. The minimum distance between the centers of two adjacent food patches is 10 mm. White LEDs 12V DC (4.8 watt/meter), were used for illumination of the arenas. They were placed under the arenas, as backlight illumination and on the walls of the behavioral box, surrounding the arenas, as shown in [Figure 1A](#fig1){ref-type="fig"}. A white cardboard arch was used to improve illumination to reflect light towards the arenas ([Figure 1A](#fig1){ref-type="fig"}). Three fly arenas were recorded simultaneously from the top using a video camera (Genie HM1400 camera, Teledyne DALSA, Canada; frame acquisition rate: 50 fps) connected to a desktop computer using a Gigabit Ethernet connection.

Tracking algorithm {#s4-5}
------------------

Body centroid positions and major axis of the fly body in each frame were extracted using custom off-line tracking algorithms written in Bonsai ([@bib48]) and Matlab (Mathworks). The arena diameter in the video was measured to find the correspondence between pixels in the video and mm in the real world (1 pixel = 0.155 mm). The typical length of the major axis of the fly body in a video was 19 pixels (\~3 mm). Video acquisition was made with slight overexposure to obtain a strong contrast between the fly and the arena. Since the fly body was the darkest object in the arena, a pixel intensity threshold was used to obtain the centroid and orientation of the fly blob. The head position was extracted using custom MATLAB (Mathworks) software. Head position in the first frame was manually selected. From there on, the head position is automatically propagated to the consecutive frames using a proximity rule ([@bib26]). This rule, however, does not hold during a jump of the fly. Therefore, in addition to the proximity rule, for the intervals in-between jumps, the head position was automatically corrected using the fact that flies walk forward most of the time. Manual annotation of 510 inter-jump-intervals revealed that 98% were correctly classified. All the body and head centroid tracking data generated in this study are available for download from the Dryad repository ([@bib17]).

Behavioral classification {#s4-6}
-------------------------

Raw trajectories of head and body centroids were smoothed using a Gaussian filter of 16 frames (0.32 s) width. The width was chosen empirically by comparing the raw and smoothed tracks. The speed was measured from the smoothed coordinates by calculating the distance covered from the current frame and the next frame, divided by the time between them (0.02 s). Similarly, the angular speed was measured by calculating the difference between the heading angle from the current frame and the next frame, divided by the time between them. The heading angle for this calculation was obtained from the head and tail smoothed centroids. Walking and non-walking instances were classified applying a 2 mm/s threshold in the head speed, based on the distribution of head speed for AA-deprived flies in [Figure 1---figure supplement 1A](#fig1s1){ref-type="fig"} and previous studies ([@bib50]; [@bib60]). The head speed used was also smoothed using a Gaussian filter of 60 frames (1.2 s) to avoid rapid changes in classification around the thresholds. Sharp turns were classified when a local maximum in the angular speed exceeded a 125°/s threshold, as long as the body centroid speed was below 4 mm/s. A wider Gaussian filter (width of 2.4 s) was applied to the head speed to classify resting bouts, using a threshold of 0.2 mm/s. The remaining events during the non-walking segments that were not classified as resting were classified as micromovements.

Food encounters, micromovements, and visits {#s4-7}
-------------------------------------------

Manual annotation of 107 feeding events showed that when the head position was at 3 mm or less from the center of the food patch, flies were already close enough to have leg contact. Initially, *encounters* with a food patch were defined as the moments in which the fly crossed this 3 mm distance threshold. To avoid misclassifying the transient head movement associated with grooming or feeding around this threshold as new encounters, consecutive encounters were merged when the total displacement of the head in any direction was lower or equal than 2 pixels (0.31 mm) during the time elapsed in-between the encounters. From each feeding event, the distance from the head of the fly to the center of the patch was also captured. Since 95% of the first proboscis extensions happened below 2.5 mm, this was the selected distance threshold to define *yeast* and *sucrose micromovements* ([Figure 1---figure supplement 1D](#fig1s1){ref-type="fig"}). In this way, food micromovements were defined as the time in which flies were classified in a micromovement (see definition in previous section) and their head was simultaneously inside a circle of 2.5 mm around the food patch (see gray dashed line in [Figure 1D](#fig1){ref-type="fig"} inset). The two pixels displacement rule used in the definition of encounters was also applied here to avoid definitions of false new micromovements. A *visit* was defined as a series of consecutive food micromovements (already corrected for small displacements) in which the head distance to the center of the food patch was never larger than 5 mm during the time elapsed in-between the food micromovements ([Figure 1D](#fig1){ref-type="fig"} inset). 5 mm is the maximum radius of non-overlapping circles around the food patches (see gray dashed line in main trajectory of [Figure 1D](#fig1){ref-type="fig"}). This 5 mm threshold was also used to merge consecutive encounters (consecutive encounters were merged if the head distance to the center of the food patch was never larger than 5 mm during the time in-between encounters). In this way, for every visit there is an encounter, but there can be an encounter and no visit if the fly doesn't stop at the food patch (food micromovement).

Exploitation, exploration and locomotor activity parameters {#s4-8}
-----------------------------------------------------------

All of these parameters, unless specified otherwise, were calculated for each fly and for the whole duration of the assay.

1.  **Yeast** (or sucrose) **micromovements**: Events in which the fly was micromoving (0.2 mm/s \< head speed \< 2 mm/s, see *Behavioral classification* section for details) on the food patch (head position ≤ 2.5 mm from the center of the food patch).

2.  **Total duration of yeast** (or sucrose) **micromovements** (**min**): Sum of the durations of all yeast (or sucrose) micromovements. Initially calculated in frames and converted to minutes by dividing by the frame rate (50 frames per second) and dividing by 60.

3.  **Fraction of yeast non-eaters**: Number of flies with a total duration of yeast visits lower than 1 min divided by the total number of flies in that internal state condition.

4.  **Coefficient of variation:** Standard deviation divided by the mean of the total duration of yeast micromovements for each internal state condition.

5.  **Cumulative time of yeast micromovements** (**min**): Cumulative sum of frames in which the fly was in a yeast micromovement, converted to minutes as described for parameter 2.

6.  **Yeast** (or sucrose) **visits:** Series of consecutive food micromovements in which the head distance to the center of the food patch was never larger than 5 mm during the time elapsed in-between the food micromovements.

7.  **Total duration of yeast visits** (**min**): Sum of the durations of all yeast visits. Durations of visits were calculated similarly to parameter 2.

8.  **Number of yeast encounters**: Sum of all yeast encounters.

9.  **Rate of yeast encounters**: Sum of all yeast encounters divided by the time spent walking outside the food patches.

10. **Probability of stopping at a yeast patch**: Number of encounters with yeast that contained at least one yeast micromovement, divided by the total number of yeast encounters.

11. **Average duration of yeast visits** (**min**): Sum of all the durations of yeast visits divided by the total number of yeast visits.

12. **Number of yeast visits**: Sum of all yeast visits.

13. **Rolling median of total duration of yeast visits** (**min**): Sum of the duration of all yeast visits that occurred within a 5 min sliding window with a step of 4 min.

14. **Latency to long yeast visit** (**min**): Time elapsed from the beginning of the assay until the fly engages in a yeast visit which is at least 30 s long.

15. **Average minimum distance from yeast** (**mm**): Average of the minimum distance from the head to the center of the yeast patch for each visit, across all yeast visits.

16. **Average area covered during yeast visits** (**pixels**): Average across all yeast visits of the number of different pixels covered by the head of the fly during each yeast visit.

17. **Speed~body~ during yeast visits** (**mm/s**): Average of body centroid speed across all frames in which the fly was inside a yeast visit. Calculation of speed was as described in the *behavioral classification* section and then smoothed using a Gaussian filter of 60 frames (1.2 s).

18. **Angular speed during yeast visits** (**°/s**): Average of angular speed across all frames in which the fly was inside a yeast visit. Calculation of angular speed was as described in the *behavioral classification* section.

19. **Transition probability to a distant yeast patch**: Number of visits to a distant yeast patch divided by the total number of yeast visits. Visits to distant yeast patches were of two kinds: either the distance between the previous and current patch centers was \>16 mm or the distance from the fly head to the center of the previous patch was \>16 mm at any point during the inter-visit-interval. Only transitions between *visited* yeast patches were considered.

20. **Transition probability to an adjacent yeast patch**: Number of visits to an adjacent yeast patch divided by the total number of yeast visits. Two patches were defined as adjacent if the distance between their centers was ≤16 mm. Only transitions in which the distance from the fly head to the center of the previous patch was ≤16 mm during the whole inter-visit-interval were considered. Otherwise, the transition was classified as to a distant yeast patch (see parameter 19). Only transitions between *visited* yeast patches were considered.

21. **Transition probability to the same yeast patch**: Number of visits to the same yeast patch divided by the total number of yeast visits. Visits to the same yeast patch were those in which the previous visit happened in the same patch as the current visit. Only transitions in which the distance from the fly head to the center of the previous patch was ≤16 mm during the whole inter-visit-interval were considered. Otherwise, the transition was classified as to a distant yeast patch (see parameter 19). Only transitions between *visited* yeast patches were considered. The values of the transition probabilities depicted as pie charts in [Figure 5A--C](#fig5){ref-type="fig"} are the medians shown in panels D-F scaled so they sum to 100%.

22. **Distance traveled to next yeast visit** (**mm**): Average distance covered from the end of a visit to any food patch (yeast or sucrose) to the beginning of the next visit to a yeast patch.

23. **Yeast quartiles**: The sum of the durations of all the yeast micromovements from the latency point (see parameter 14) onwards was considered as 100% of yeast time for a given fly. First yeast quartile (Q1) was the time elapsed between the latency point and the 25% of yeast time for that fly. Q2 was the time elapsed between 25% and 50% of yeast time for that fly. In the same way, Q3 went from 50% to 75% and Q4 from 75% to 100% of yeast time for that fly.

24. **Speed outside food patches** (**mm/s**): Similar to parameter 17, but for all frames in which the fly was not engaged in a food visit. In [Figure 7G](#fig7){ref-type="fig"}, this parameter was calculated only for the latency period (parameter 14).
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In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your article \"Internal states drive nutrient homeostasis by modulating exploration-exploitation trade-off\" for consideration by *eLife*. Your article has been favorably evaluated by K VijayRaghavan as the Senior Editor and three reviewers, including Steve Simpson (Reviewer \#2) and a member of our Board of Reviewing Editors.

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission..

Summary:

All of the reviewers applaud the rigor of the quantitative approach employed in this work, and find value in the comprehensive analysis of *Drosophila* behavior in the face of specific nutritional challenges. The results were seen as both interesting and useful to a broad range of readers.

Essential revisions:

It is felt that the link to neural mechanism is rather a \'proof of principle\', and does not go deep into the mechanism as may be possible with this model system. It was not felt that this is a critical flaw, but rather that the limitations need to be more clearly discussed, providing an opportunity to set the scene as to where research of this type could (and likely will) be directed in future.

*Reviewer \#1:*

This paper addresses the very important challenge of identifying key drivers of nutritional decision-making using *Drosophila* as a tractable model organism. Furthermore, it employs advanced tracking to quantify the motion and precise feeding decisions of individuals among multiple resource patches.

This analysis shows that flies sense deficits in amino acids and can adjust their motion and feeding behavior to compensate, and that this is impacted by their mating state. Given that the experimental design was such as to remove (to a great degree) the effects of search, and rather to focus on the behavior of flies once on a patch, the analysis focused on the decisions to engage and to leave (as opposed to find) patches. The analysis includes highly detailed information as to how flies move on the patches.

An area which needs improving, in my mind, however, is at it relates to the neural mechanisms at work. This has the potential to be the most interesting part of the paper (and the one I was looking forward to getting to!), but in the end it provides useful, but indirect, evidence of the actual mechanisms at work. For example, the experiments suggest the importance of octopamine, but they do not get into the regions of the brain (or even if it is in the brain) important, and I think that while this section is helpful it is more of a start than a conclusion to the story, and perhaps the authors could make more clear what is, and what is not, shown by these data.

In summary I find this a highly rigorous and useful paper.

*Reviewer \#2:*

The authors have provided an extremely detailed behavioural analysis of nutrient-specific foraging behaviour in *Drosophila*, coupled with two experiments looking at the involvement of olfaction and octopamine in different stages of the control of protein homeostasis. Although the manuscript is extensive, the narrative is interesting and the illustrations beautifully composed. The paper adds significantly to the literature on appetite control and nutrient regulation. I have a few somewhat substantive issues.

Abstract: change \"deeply\" to \"profoundly\" or similar. I would also remove the second sentence, which is over-egging things and not strictly true.

I felt the term \"engaging the food\" to be a little awkward (begs the question \"Engaging food in what?\"). \"Stop at\" is what the data indicate -- or \"arrested at the food\". I pick up on the precision of language a little more below.

In the subsection "The lack of dietary AAs increases exploitation and local exploration of yeast patches". This is more by way of a comment than a suggestion: the point is introduced and to some extent tested, but it is worth pointing out somewhere that the volume ingested during a feeding bout (meal) is a product of the duration of the feeding bout and the rate at which food is ingested across the meal. Meal size (and its volumetric and other determinants) has been shown in some insect systems to be positively correlated with ingestion rate and affected by common inputs (both homeostatic and non-homeostatic) (e.g. Animal Behav. 36: 1216-27). Hence, meal duration (which is estimated in the present set up) tends to be a more conserved variable than meal size (a fly can eat more by ingesting faster over the same meal duration). Changes in ingestion rate can result from greater amplitude of feeding central pattern generator (and hence motor) output, or greater frequency of rhythm, or through a change in intra-meal burst and interval structure. The data reported address and show a contribution from the latter, but changes in both amplitude and frequency of CPG output are also known.

In the fourth paragraph of the subsection "The lack of dietary AAs increases exploitation and local exploration of yeast patches".-- \'intake\' rather than \'use\', which is a vague term. There are numerous other instances throughout the manuscript of faintly teleological terminology -- \"decision\", \"engage\", \"exploitation\", \"exploration\", \"choose to visit distant patches\", etc. In such a beautiful analysis of behaviour as this, I would rather see clear, objective description. Maybe I\'m being a pedant on this, but J.S. Kennedy (The New Anthropomorphism, 1993, CUP) was spot on in my view.

The one counter-intuitive finding is that reported in the subsection "Amino acid challenges reduce global exploration and increase revisits to the same yeast patch". My understanding is that theory and experiment (Levy flight; intrinsic (local) search vs. extrinsic search (ranging); Dethier\'s fly dance, etc.) predicts that flies should stay nearby \"high quality\" patches and roam more extensively when on \"lower quality\" patches. Staying nearby to an imbalanced food source when in a state of AA imbalance and roaming globally when AA balanced appears contrary to expectations and suggests something interesting, perhaps about the evolved predicted spatial distribution of protein resources in the environment, e.g. complementary imbalanced AA sources are likely to be close by to one another. In the last paragraph of the aforementioned subsection there is an unconvincing statement on this issue, which needs some more thought I think.

Subsection "ORs mediate efficient recognition of yeast as an appropriate food source". This section could be set up by referencing back to the observation reported earlier that arrival rates at food sources was not impacted by state -- implying that olfactory cues acting over a distance are not involved, but close-range chemosensory cues (short-range olfactory and gustatory) are more likely. Would help build the narrative.

The Discussion is where you need to address the matter mentioned above in the subsection "Amino acid challenges reduce global exploration and increase revisits to the same yeast patch". The blowfly dance results seem at odds with present findings -- flies dance more vigorously and stay longer locally after stimulation with a higher concentration food source. The same is the case for bees and other animals (William Bell\'s work -- e.g. see his 1990 book). It is true that greater levels of deprivation elicit greater local dancing to a given food; but still the effect is strongly dependent on food quality relative to state.

*Reviewer \#3:*

Ribeiro\'s group uses this paper to establish a new assay to assess the relationships between internal state defined by the interaction between sexual experience (mated or virgin) and metabolic experience (more or less amino acids in the medium) on behaviour (explore or exploit). I like the analysis very much and I think it will be a welcome addition to the literature. Their method includes potential to dissect decision-making at the level of behavior and offers a world of new possibilities for evaluating the contribution of genes, development, and physiology to behavior. They note and promise that they are providing insight into mechanism as well and this part of the paper pales when compared to the behavioral analysis. The nod to mechanism occurs via the manipulation of *Orco* to demonstrate a role for smell in the behavioural strategy used by mated females. Not clear that it plays a role for the virgins because there are no data and it seems less likely but entirely possible that olfaction is used to detect or evaluate sugars. I do not think more experiments need to be performed but I think the *Orco* data provide more of a proof of principle than an exposition of mechanism and the paper would be improved if these data were presented that way. This same point applies to the tyramine β hydroxylase experiments. The paper is written as if these data provide insight into the brain, but there are no experiments to show that brain octopamine as opposed to octopamine in the ventral nerve cord are responsible for the effects. Again, I am not suggesting that this already long manuscript needs more data, only that the nod to mechanism is more of statement of possibility than indication of genetic pathways, anatomic pathways, or neuronal circuits. The paper is more than just a \"methods paper\" because of the insights provided by this analysis of effects of environment on foraging, reproductive behavior and, potentially, decision making. The readers of *eLife* will like this one.

10.7554/eLife.19920.029

Author response

*\[...\] Essential revisions:*

*It is felt that the link to neural mechanism is rather a \'proof of principle\', and does not go deep into the mechanism as may be possible with this model system. It was not felt that this is a critical flaw, but rather that the limitations need to be more clearly discussed, providing an opportunity to set the scene as to where research of this type could (and likely will) be directed in future.*

We agree that the analysis of the *Orco* and *Tβh* mutants is a first step towards a detailed mechanistic dissection of the behavioral adaptations happening upon changes in internal state. In the revised version we have modified the Introduction, the *Orco* manipulation section, the octopamine section and the Discussion to highlight this more clearly. We highlight the specific changes below and in the answers to the comments to each reviewer:

We have modified the second part of the last paragraph of the Introduction to highlight that the two mutation experiments *are examples* of the potential of our setup to dissect the underlying neuronal mechanisms of the behavior under study. We also removed the word "mechanistic" and described our results from the mutation experiments as "initial insights":

"Importantly, we provide two examples on how our paradigm can be used in the dissection of the genetic and neuronal mechanisms underlying nutrient decisions: First, we show that olfaction is not required to reach protein homeostasis, but that it mediates the efficient recognition of yeast as an appropriate food source in mated females. Second, we show that octopamine mediates homeostatic postmating responses, but not the effects of internal sensing of amino acid deprivation state. Our study provides a quantitative description of how the fly changes behavioral decisions to achieve homeostatic nutrient balancing as well as initial insights into the mechanisms underlying protein homeostasis."

The first paragraph of the *Orco* manipulation section now clearly states that this experiment is a proof of principle:

"As a proof of principle of how our setup could be used to uncover the neuronal mechanisms underlying foraging decisions, we decided to analyze the role of olfaction in nutrient homeostasis."

To clarify that the results from the octopamine manipulation do not give us specific insights about the brain, we state that the *Tβh* manipulation affects the whole animal. We also added \"to show that our setup could be used\" to this sentence to highlight the fact that these experiments are more about exploring the usefulness of the tracking approach than an in depth exploration of molecular mechanisms:

"We therefore decided to show that our setup could be used to test possible neuromodulatory effects of octopamine on yeast foraging, using mutants for the gene encoding Tyramine β-hydroxylase (TβH), an enzyme required for the biosynthesis of octopamine in the whole animal."

And in the last paragraph of the octopamine section, we highlight that this is just a "first step" in the dissection of the mechanisms:

"These results provide a first step towards dissecting the role of octopamine in nutrient homeostasis."

We have added the word "behavioral" to emphasize that we are referring to the behavioral and not neuronal mechanisms: "Furthermore, these results demonstrate that one way in which mating increases yeast preference is by inducing long feeding bouts, allowing us to make first conclusions about the behavioral mechanisms behind changes in food choice".

*Reviewer \#1:*

*This paper addresses the very important challenge of identifying key drivers of nutritional decision-making using Drosophila as a tractable model organism. Furthermore, it employs advanced tracking to quantify the motion and precise feeding decisions of individuals among multiple resource patches.*

*This analysis shows that flies sense deficits in amino acids and can adjust their motion and feeding behavior to compensate, and that this is impacted by their mating state. Given that the experimental design was such as to remove (to a great degree) the effects of search, and rather to focus on the behavior of flies once on a patch, the analysis focused on the decisions to engage and to leave (as opposed to find) patches. The analysis includes highly detailed information as to how flies move on the patches.*

*An area which needs improving, in my mind, however, is at it relates to the neural mechanisms at work. This has the potential to be the most interesting part of the paper (and the one I was looking forward to getting to!), but in the end it provides useful, but indirect, evidence of the actual mechanisms at work. For example, the experiments suggest the importance of octopamine, but they do not get into the regions of the brain (or even if it is in the brain) important, and I think that while this section is helpful it is more of a start than a conclusion to the story, and perhaps the authors could make more clear what is, and what is not, shown by these data.*

In summary I find this a highly rigorous and useful paper.

We thank the reviewer for the positive evaluation of our work. We have modified the Introduction, the interpretation of the octopamine results and the Discussion to be clearer about what is and what is not shown by these data. Please see the above response to the Essential Revisions for details on the revised sections.

*Reviewer \#2:*

*The authors have provided an extremely detailed behavioural analysis of nutrient-specific foraging behaviour in Drosophila, coupled with two experiments looking at the involvement of olfaction and octopamine in different stages of the control of protein homeostasis. Although the manuscript is extensive, the narrative is interesting and the illustrations beautifully composed. The paper adds significantly to the literature on appetite control and nutrient regulation. I have a few somewhat substantive issues.*

*Abstract: change \"deeply\" to \"profoundly\" or similar. I would also remove the second sentence, which is over-egging things and not strictly true.*

We have changed the word "deeply" as suggested and we have changed the second sentence of the Abstract to:

"A quantitative understanding of the behavioral changes upon metabolic challenges is key to a mechanistic dissection of how animals maintain nutritional homeostasis."

*I felt the term \"engaging the food\" to be a little awkward (begs the question \"Engaging food in what?\"). \"Stop at\" is what the data indicate -- or \"arrested at the food\". I pick up on the precision of language a little more below.*

We agree the word "engaging the food" might not be the best option. In our opinion what is important is to use a terminology that clearly differentiates between the animal stopping at the food and not moving at all ("resting") and the animal stopping but being still active (e.g. "micromoving"). As \"stop at\" should be clear enough we have decided to follow your recommendation and use the term "stop at" the food patch instead of "engaging" the food patch. We have changed the manuscript and the figures accordingly.

*In the subsection "The lack of dietary AAs increases exploitation and local exploration of yeast patches". This is more by way of a comment than a suggestion: the point is introduced and to some extent tested, but it is worth pointing out somewhere that the volume ingested during a feeding bout (meal) is a product of the duration of the feeding bout and the rate at which food is ingested across the meal. Meal size (and its volumetric and other determinants) has been shown in some insect systems to be positively correlated with ingestion rate and affected by common inputs (both homeostatic and non-homeostatic) (e.g. Animal Behav. 36: 1216-27). Hence, meal duration (which is estimated in the present set up) tends to be a more conserved variable than meal size (a fly can eat more by ingesting faster over the same meal duration). Changes in ingestion rate can result from greater amplitude of feeding central pattern generator (and hence motor) output, or greater frequency of rhythm, or through a change in intra-meal burst and interval structure. The data reported address and show a contribution from the latter, but changes in both amplitude and frequency of CPG output are also known.*

While food intake can theoretically be increased by an increase in the frequency of the feeding rhythm we had not found any evidence for such an effect in *Drosophila melanogaster* in a previous study (Itskov et al., Nature Communications, 2014). However, a careful analysis of the feeding rhythm data of the experiments in this manuscript revealed very small effects of internal states on sip durations and inter-sip-intervals. The effects are very small but we have decided to change the manuscript to include these data. In the two new panels D and E of [Figure 4---figure supplement 3](#fig4s3){ref-type="fig"}, we now analyze the effect of internal state on the feeding rhythm. We have added the following text to describe the observed effects:

"The volume ingested during a feeding bout is a product of the duration of that bout and the feeding rate. \[...\] However, the mode of the sip duration distributions did not change when mated flies pre-fed a suboptimal diet were compared to females kept on a rich diet (0.12 s, *p* = 0.1196), but it decreased when flies were pre-fed the AA- diet (0.11 s, *p* = 0.0067)."

*In the fourth paragraph of the subsection "The lack of dietary AAs increases exploitation and local exploration of yeast patches" -- \'intake\' rather than \'use\', which is a vague term. There are numerous other instances throughout the manuscript of faintly teleological terminology -- \"decision\", \"engage\", \"exploitation\", \"exploration\", \"choose to visit distant patches\", etc. In such a beautiful analysis of behaviour as this, I would rather see clear, objective description. Maybe I\'m being a pedant on this, but J.S. Kennedy (The New Anthropomorphism, 1993, CUP) was spot on in my view.*

We have done our best to carefully choose the words we used in this study. In general we tried to avoid any word which indicates that we are measuring food intake using video tracking or the flyPAD method. Although all our data indicate that both methods allow us to extrapolate food intake quite precisely, technically speaking we are not measuring food intake.

We have modified the text to minimize the use of the words mentioned by Dr. Simpson. We find however, that completely avoiding the use of words such as \"decide\" and \"choose\" is detrimental to the readability of the manuscript. Furthermore, these two terms are widely used in many studies describing animal behavior, including studies using invertebrates. See for example:

1\) Bussell, Jennifer J., Nilay Yapici, Stephen X. Zhang, Barry J. Dickson, and Leslie B. Vosshall. 2014. "Abdominal-B Neurons Control *Drosophila* Virgin Female Receptivity." Current Biology24 (14). In Abstract: \"The female must parse her own reproductive state, the external environment, and male sensory cues to decide whether to copulate\"

2\) Palmer, Chris R., and William B. Kristan. 2011. "Contextual Modulation of Behavioral Choice." Current Opinion in Neurobiology21 (4). \"Both the nematode worm (*Caenorhabditis elegans*) \[11\] and the medicinal leech (Hirudo sp.) \[12\] decide whether to swim or to crawl based, in part, on the level of water they are in.\"

3\) Barron, Andrew B, Kevin N Gurney, Lianne F S Meah, Eleni Vasilaki, and James A R Marshall. 2015. "Decision-Making and Action Selection in Insects: Inspiration from Vertebrate-Based Theories." Frontiers in Behavioral Neuroscience9 (August). \"The process of decision-making in the insect olfactory learning pathway is illustrated by how the system changes as an animal learns a specific odor is rewarding and changes its behavior to effect an appetitive response to the odor\"

4\) Dickson, Barry J. 2008. "Wired for Sex: The Neurobiology of *Drosophila* Mating Decisions." Science322 (5903). \"The female decides whether to accept or reject the male, depending on her perception of his pheromone and acoustic signals, as well as her own readiness to mate.\"

5\) Haberkern, Hannah, and Vivek Jayaraman. 2016. "Studying Small Brains to Understand the Building Blocks of Cognition." Current Opinion in Neurobiology37. \"The strongest behavioral evidence that insects must use abstract internal representations comes from honeybees, which display behaviors akin to deliberative decision-making.\"

6\) Yang, Chung-Hui, Priyanka Belawat, Ernst Hafen, Lily Y Jan, and Yuh-Nung Jan. 2008. "*Drosophila* Egg-Laying Site Selection as a System to Study Simple Decision-Making Processes." Journal Article. Science319 (5870). \"The first indications that egg-laying site selection may employ a simple decision-based process emerged from our observations of females as they lay eggs.\"

We have therefore felt it best to not completely remove these two words from our manuscript.

*The one counter-intuitive finding is that reported in the subsection "Amino acid challenges reduce global exploration and increase revisits to the same yeast patch". My understanding is that theory and experiment (Levy flight; intrinsic (local) search vs. extrinsic search (ranging); Dethier\'s fly dance, etc.) predicts that flies should stay nearby \"high quality\" patches and roam more extensively when on \"lower quality\" patches. Staying nearby to an imbalanced food source when in a state of AA imbalance and roaming globally when AA balanced appears contrary to expectations and suggests something interesting, perhaps about the evolved predicted spatial distribution of protein resources in the environment, e.g. complementary imbalanced AA sources are likely to be close by to one another. In the last paragraph of the aforementioned subsection there is an unconvincing statement on this issue, which needs some more thought I think.*

Unfortunately, we think that the point raised by Dr. Simpson stems from a misunderstanding of our experimental design. We recognize that we have to be clearer in our description. The AA+ rich (balanced) and AA+ suboptimal (imbalanced) labels refer to the dietary pre-treatment of the flies 3 days prior to the foraging assay. During the assay, all flies irrespective of their internal state were tested in an arena containing food patches of the same quality (9 food patches with yeast at 180g/L and the other 9 with sucrose at 180g/L). This is important as the experimental design aims at describing the effect of different internal state on foraging in the same environment. Therefore, since we don't test the behavior of flies around patches of varying qualities, our results don't contradict the previously reported findings. We therefore consider the statement valid: "Taken together, these changes in exploratory strategy should enable the fly to efficiently increase the intake of yeast while minimizing the distance travelled to the next spot."

Because we consider this is a crucial point that should be very clear in our manuscript, we have now modified both the text and the figures to clarify the experimental design and our findings more clearly. Specifically:

When describing the diets used for the metabolic state manipulations, we added a sentence that clarifies that these diets were given before the assay: "we manipulated the metabolic state of the flies by letting them feed ad libitum on a chemically defined (holidic) medium (Piper et al., 2014) during three days prior to the foraging assay. This holidic medium allows us to specifically manipulate amino acids (AA) in the diet".

In [Figure 2A](#fig2){ref-type="fig"}, the holidic medium label now says: "Dietary pre-treatment (holidic medium):"

We changed the text in the last paragraph of the Introduction: \"Furthermore, we describe how the internal deficit of dietary amino acids increases exploitation of proteinaceous patches and restricts global exploration and how these behaviors dynamically shift towards increasing exploration as the fly reaches satiation."

In [Figure 5](#fig5){ref-type="fig"} we have added the label "Dietary pre-treatment" on top of the text describing the internal state conditions and we have added the labels "Yeast 180 g/L" and "Sucrose 180 g/L" on top of the representative trajectories in panels A, B and C. Furthermore, in all figures containing panels with box plots, we have changed the label referring to the metabolic state from "AA" to "AA pre-treatment".

At the beginning of the Results section where we describe the tracking setup, we explain: "To capture how flies decide what food to eat, we built an automated image-based tracking setup ([Figure 1A](#fig1){ref-type="fig"}) that captures the position of a single *Drosophila melanogaster* in a foraging arena ([Figure 1B](#fig1){ref-type="fig"}) containing 9 yeast patches (amino acid source) and 9 sucrose patches (carbohydrate source) of equal concentration."

Substrate labels in [Figure 1B](#fig1){ref-type="fig"} now read: "Yeast 180g/L" and "Sucrose 180 g/L".

We hope that with these changes clarify the experimental design.

*Subsection "ORs mediate efficient recognition of yeast as an appropriate food source". This section could be set up by referencing back to the observation reported earlier that arrival rates at food sources was not impacted by state -- implying that olfactory cues acting over a distance are not involved, but close-range chemosensory cues (short-range olfactory and gustatory) are more likely. Would help build the narrative.*

We thank Dr. Simpson for this suggestion. We had considered using this narrative but decided not to do so given that the encounter rate increases in AA-deprived flies.

*The Discussion is where you need to address the matter mentioned above in the subsection "Amino acid challenges reduce global exploration and increase revisits to the same yeast patch". The blowfly dance results seem at odds with present findings -- flies dance more vigorously and stay longer locally after stimulation with a higher concentration food source. The same is the case for bees and other animals (William Bell\'s work -- e.g. see his 1990 book). It is true that greater levels of deprivation elicit greater local dancing to a given food; but still the effect is strongly dependent on food quality relative to state.*

We hope that we have clarified this issue in the preceding answer to your earlier comments. As we think that the interpretation is still correct and there is no conflict with previous blowfly dance results we decided not to modify the text in the subsection "Amino acid challenges reduce global exploration and increase revisits to the same yeast patch".

*Reviewer \#3:*

*Ribeiro\'s group uses this paper to establish a new assay to assess the relationships between internal state defined by the interaction between sexual experience (mated or virgin) and metabolic experience (more or less amino acids in the medium) on behaviour (explore or exploit). I like the analysis very much and I think it will be a welcome addition to the literature. Their method includes potential to dissect decision making at the level of behavior and offers a world of new possibilities for evaluating the contribution of genes, development, and physiology to behavior. They note and promise that they are providing insight into mechanism as well and this part of the paper pales when compared to the behavioral analysis. The nod to mechanism occurs via the manipulation of Orco to demonstrate a role for smell in the behavioural strategy used by mated females. Not clear that it plays a role for the virgins because there are no data and it seems less likely but entirely possible that olfaction is used to detect or evaluate sugars. I do not think more experiments need to be performed but I think the Orco data provide more of a proof of principle than an exposition of mechanism and the paper would be improved if these data were presented that way. This same point applies to the tyramine β hydroxylase experiments. The paper is written as if these data provide insight into the brain, but there are no experiments to show that brain octopamine as opposed to octopamine in the ventral nerve cord are responsible for the effects. Again, I am not suggesting that this already long manuscript needs more data, only that the nod to mechanism is more of statement of possibility than indication of genetic pathways, anatomic pathways, or neuronal circuits. The paper is more than just a \"methods paper\" because of the insights provided by this analysis of effects of environment on foraging, reproductive behavior and, potentially, decision making. The readers of eLife will like this one.*

We appreciate the positive assessment of our work and thank the reviewer for the pertinent remarks. We have modified several sections of the manuscript to present the *tyramine β hydroxylase* manipulation results and the *Orco* manipulation results as proof of principle rather than mechanistic insights into neuronal processes (see also answers to major comments of Reviewer \#1). In summary:

In the last paragraph of the Introduction we highlight that the two mutation experiments *are examples* of the potential of our setup to dissect neuronal mechanisms of the behavior under study. We also removed the word "mechanistic" and describe the results from the experiments with the mutants as "initial insights".

We introduce the *Orco* manipulation as a proof of principle experiment (subsection "ORs mediate efficient recognition of yeast as an appropriate food source", first paragraph).

In the octopamine section we added \"we therefore decided to show that our setup could be used to test possible neuromodulatory effects of octopamine on yeast foraging\" to this sentence to highlight the fact that these experiments are more about exploring the usefulness of the tracking approach than an in depth exploration of molecular mechanisms. And in the conclusion of this section, we highlight that this is just a "first step" in the dissection of the mechanisms.

In the Discussion to remove any association of our results with specific insights about the brain (second paragraph), we changed the word "brain" by "nervous system" and highlight that it is the accumulated evidence (not just our results) which lead us to conclude that the nervous system might use different mechanisms to change specific aspects of behavioral outcomes.

Furthermore, we have modified the Abstract to clearly state that the results of the *Orco* manipulation apply only to mated females:

"Finally, we show that olfaction mediates the efficient recognition of yeast as an appropriate protein source in mated females".

We have also added this clarification in the conclusion of the results of the *Orco* manipulation section:

"Taken together these results show that, in mated females, OR-mediated olfaction is necessary for efficient recognition of yeast as an appropriate resource but is not required to locate food patches at a short range or to achieve nutritional homeostasis."

Finally, we have also included the term "mated" in the Discussion: "Our data suggest that while olfactory-impaired matedflies..."

Regarding the detection of sugars, we are aware that some few studies have suggested that flies can detect sugar at a distance. While this is therefore a possibility we have done our best to minimize that our sucrose patches emit volatiles. We use sucrose with 99.5% purity mixed with ultrapure agarose and milliQ water to prepare our sucrose patch solutions. The sugar patches in our foraging arena should therefore not have any volatiles that can be detected by the flies using olfaction. As the experimental evidences for olfactory detection of sugars at a distance are scarce and we minimize the probability that our sucrose patches emit volatiles we think it is unlikely that flies use olfaction to evaluate sugars. However, as always in science one never knows.

[^1]: \* To prepare the 50S200NHUNTaa diet, use the values shaded in blue. To prepare the 50S200NYaa diet, use the values shaded in orange.
